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PEEFAOE. 


Tbh present treatise is a condensed edition of the Attronam^ of 
the American Science Series. The book has not been shortened by 
leaving out anything that was essential, but by omitting some of the 
details of practical astronomy, thus ^ving to the descriptive por- 
tions a greater relative extension. 

The most marked feature of this condensation is, perhaps, the 
omission of most of the mathematical formula of the lar^r treatise. 
The present work requires for i*a understanding only a fair acquaint- 
ance with the principles of algebra and geometry and a slight 
knowledge of elementary physics. The space which has been gained 
by these omissions has been utilized in giving a fuller discussion of 
the more elementary parts of tlio subject, and in treating the funda- 
mental principles from various points of view. 

A familiar and secure knowledge of these is essential to the 
students’ real progress. Tho full index makes the work of value as 
a reference-book to a student who has studied it and put it aside. 

As in the larger work, tlie matter is given in two sizes of type. It 
will be found that the larger type contains a course practically com- 
plete in itself, and that the matter of tho smaller typo is chiefly ex- 
planatory of the former. It is highly desirable, however, that the 
book should bo read tvs a whole, while the actual class -work may be 
condned to the subjects treated in the larger typo, it the class U 
pressed for time. AeelestUl globe, and a set of star-maps (Pitoo- 
Ton’s “ New Btar-Atlas” is as good us any), will be found to bo of 
use in oonnootion with tho study; and it tho class has access to a smaU 
telescope, even, much can be learned in this way. A mere opera- 
glass will suffice to jSive a correct notion of tho general features of 
the moon’s surface, and a very small telescope, if properly used, will 
do the some for the larger planets. 
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ASTRONOMY 


INTEODUCTION. 

Avtioiioiuy Defined. — Astronomy (actrfp — a star, and 
YOjxoi — a law) is tlie science whioh has to do with the 
heavenly bodies, their appearances, their nature, and the 
laws governing their real and their apparent motions. 

In approaching the study of this the oldest of the 
sciences depending upon observation, it must be borne in 
mind that its progress is most intimately connected with 
that of the race, it having always been the basis of geog- 
raphy and navigation, and the soul of chronology. Some 
of the chief advances and discoveries in abstract mathe- 
matics have been made in its service, and the methods 
both of observation and analysis once peculiar to its prac- 
tice now furnish the firm bases upon which rest that great 
group of exact sciences which we call Physics. 

It is more important to the student that he should be- 
come penetrated with the spirit of the methods of astron- 
omy than that he should recollect its minutiae ; and it is 
most important that the knowledge which he may gain 
from this or other books should be referred by him to its 
true sourbes. For example, it will often be neoeeiMary to 
speak of certain planes or circles, the ecliptic, the equa- 
tor, the meridian, etc. , apd of the relation of tho appa- 
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rent positions of stars and planets to them; but his labor 
will be useless if it has not succeeded in giving him a pre- 
cise notion of these circles and planes as they exist in the 
sky, and not merely in the figures of his text-book. Above 
all, the study of this science, in which not a single step 
could have been taken without careful and painstaking 
observation of the heavens, should lead its student himself 
to attentively regard the phenomena daily and hourly pre- 
sented to him by the heavens. 

Does the sun set daily in the same point of the horizon? 
Does a change of his own station affect this and oth^r 
aspects of the sky? At what time does the full moon rise? 
"Which way are the horns of the young moon pointed? 
These and a thousand other questions are already answered 
by the observant eyes of the ancients, who discovered not 
only the existence, but the motions, of the various planets, 
and gave special names to no less than fourscore stars. 
The modern pupil is more richly equipped for observation 
than the ancient philosopher. If one could have put a 
mere opera-glass in the hands of Hippabohus the world 
need not have waited two thousand years to know the 
nature of that early mystery, the Milky Way, nor would it 
have required a Galileo to discover the phases of Vm^t 
and the spots on the sun. 

Astronomy furnishes the principles and the method^ by 
means of which thousands of ships are navigated Tfifch, 
safety and certainty from port to port; by which the 
dimensipns of the earth itself are fixed with high preciaion; 
by which the distances of the sun, the plaaets, and the 
brighter stars are measured and determined. The details 
of these methods cannot be given in an elementaiy work ; 
but the general principles and even the spirit of the special 



INTEODUCTIOF. 


3 


methods can be entirely mastered by the faithful student. 
All the attention which he can bring will be richly reward- 
ed by the insight he will gain into the noblest of the physi- 
cal sciences. 

How to Study Astronomy. — There are a few principles 
of Mathematic<=<; of Geography, of Physics, which must be 
clearly understood by the student commencing astronomy, 
so that he may go on with advantage. They are all quite 
simple, but they must be entirely fixed in the mind, in 
order that the attention may be directed to the astronomical 
principle and not diverted by an attempt to recollect a fact 
from another science. Any patience and concentration 
which the student may bestow upon them at the outset 
should be rewarded by the facility with which they will 
enable Mm to gi'asp the more interesting portions of the 
subject. The few definitions which are given in italics 
should be memorized in the words of the text. In all other 
cases it is preferable that the student should give his own 
explanations in his own words. 

Pirst we will go briefly over some of the essential mathe- 
matical principles alluded to. 

Angles: their Measurement . — An angle is the amount 
of divergence of two right lines, Por example, the angle 
between the two right lines S^E and 
is the amount of divergence of 
these lines. The angle 8^E8* is the 
amount of divergence of the two lines 
8^E and 8^E. The eye sees at once 
that the angle 8*E8'‘ in the figure is 
greater than the angle 8^E8\ and 
that the angle 8''E8*is greater than 
either of them. 
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In order to compare them and td obtain their numerical 
ratio, ve must hare a unit-angle. 

The unit angle is obtained in this way: The circumfer- 
ence of any circle is divided into 360 equal parts. The 
points of division are joined with the centre. The angles 
between any two adjacent radii are called degrees. In the 
figure, S'ES' is about 13% S*E8' is about 33% 8'‘ES* is 
about 30% and 8‘E8* is about 64°. The vertex of the 
angle is at the centre E; the measure of the angle is on 
the circumference 8'S^8*8*, or on any other circumference 
drawn from as a centre. 

In this way we have come to speak of the length of one 
three-hundred-and-sixtieth part of any circumference as a 
degree, because radii drawn from the ends of this part 
make an angle of 1°. 

For contenience in expressing the ratios of different 
angles we have subdivided the degree into minutes and 
seconds. The degree is too large a unit for some of the 
purposes of astronomy, just as the metre is too large a unit 
for use in tiie miaohine-shop, where fine work is concerned. 

One dreumferenoe = 880° = 81600' = 1896000' 

1° =s 60' =860’ 

1' = 60' 

Hfjamw wi^ to express smaller angles than seconds, 
w:e uw demniaiB of a second. Thus one-quarter of a second 
is , one qutt^r of a minute is 15'. 

!I^B4din|i «f ^ Circle in Angular Heasure,— If B is 
tho of A eiticle,' /we know from geometry that 1 oir- 
c^«^t«Qce sa 8 TT .B, where w = 3 . 1416. That is, 

f =:S180flf' = 1896000' 

: or, ; . .R c 8«7°.8 = 8487.7 = 8068e4'.8. 
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By tlis we mean that if a jS.ezible cord equal in length 
to the radius of any circle were laid round the ciroumier- 
enoo of that circle, and if two radii were then drawn to the 
ends of this cord, the angle of these radii would be 67®, 3 
843r.7, or 206a64'.8. * ’ 

It is important that this should be perfectly clear to the 
studenl 

For instance, how far off must you place a foot-rule in 
order that it may subtend an angle of 1® at your eye? 
Why, 67.3 feet away. How far must it be in order to sub- 
tend an angle of a minute ? 3437.7 feet. How far for a 
second ? 206364.8 feet, or oyer 39 miles. 

Again, if an object subtends an angle of 1° at the eye, 

we know that its ^ameter must be as great as its dis- 
tance from, us. ,Ii it sabtends an a^le of 1', its distance 
from us is over 206,000 times as great as its diameter. 

The instruments employed in wtronomy may be used to 
measure the angles subtended at the eye by the diameters of 
the heavenly bodies. In other ways we determine their dis- 
tance from us in miles. A Combination of these data will 
give us the actual dimensions of these bodies in miles. 
For example, the sun is about 93,000,000 miles from the 
earth. The angle subtended by the sun’s diameter at this 
distance is 1922". What is thediamcter of the sun in miles ? 

An idea of angular dimensions in the sky may be had by 
remembering that the angular diamet^ of the moon imd 
of the sun are about 80'. It is 180° from the west point to 
the east point counting through the point immediat^j 
overhead. How many moons placed edge to edgb wbold, it 
to reach from horizon to horizon ? The studiOit aaay 
gues^ at the answer first and then compute it. 
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Perhaps a more convenient measure is the apparent dis- 
tance apart of the ‘^pointers” in the Great Dipper, which 
is 5°. (See Pig. 7, page 2k) 

Plane Triangles. — The angles of which we have been 
speaking are angles in a plane. In any plane triangle there 
are three sides and three angles— six parts. If any three of 
these parts (except the three angles) are given we can 
construct the triangle. If the three angles alone are given 
we can make a triangle which shall be of th^ right shape^ 
and that is all. 
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Spjherioal Triangles^ — Besides plane angles and triangles, 
we haveio do with those drawn oh t}ie surface of a sphere 
--^ph^ical triangles^ This is nec^sary since the heavenly 
bodies spherical in shape, and since they are seen pro- 
jected the concave surface of the ^ky# 

The Sphere: ite Planes and Circles.— In the figure^ Ois 
the ce|:^re of the sphere and ABE is bhe of its circles. 
@Hp|K^e a plane 4.9 passing tlh^hgh the centre and cut- 
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ting the sphere into two IiemisjiJisres. It will intersect the 
surface of the sphere in a circle which is called a 

great circle of the sphere. A great circle of the sphere is 
one out from the surface ly a plane passing through the 
centre of the sphere. Suppose a right line FOP' perpen- 
dicular to this plane. The points P and P' in -which it 
intersects the surface of the sphere are everywhere 90° 
from the circle A EBP. They are the poles of that circle. 
The poles of the great circle QEDF are Q and (f. 

The following relations exist between the angles TmtHn 
in the figure: 

I. The angle POQ between the poles is ecinal to the in- 
clination of the planes to each other. 

II. The arc BJ) which measures the greatest distance 
between the twC circles is equal to fh.e arc PQ which 
measures <i|6' angle .POC, ' 

III. The points P and.p in which, the two great, dr- 
olcs intersect each other, are the poles of the great circle 
PQAOP'Q'BD which passes through the poles of the first 
two circles 

The Spherical Triangle. — ^In the last figure there are 
several spherical triangles, as EDB, FAC, EGP'Q'B, etc. 
In astronomy wo need consider only those whose sides 
are formed hy arcs of great circles. The angles of the 
triangle are angles between two arcs of great circles; or -what 
is the same thing, they are angles between the two planes 
which ent the two arcs from the surface of the epbete, 

In spherical triangles, as in plane^, there are six. parts, 
three angles and three sides. Ha-ving any three pirfo the 
other three can be constructed. 

The sides as well as the angles of spberical t^iw^es are 
expressed in de^praes; minutes, and seodmdB. 'If thestn^^ 
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has a globe before him, let him mark on it the triangle 
whose angles are 

A 128® 44' 45'. 1, 

B 38®11'12'.0, 

G 18° 15' 31'. 1, 

and whose sides are [a is opposite to A, tto B, e to O'.) 
a = 10°, J = 7°, c = 4°. 

Po^r of the lye to see Small Objeota — ^When a round 
object subtends an angle of 1' (that is, when it is about 
3437 of its own diameters away), it is just at the limit of 
■visibility, under ordinary circumstances. At the Transit of 
yijWMS in 1874, the planet Yenus was between the earth 
and the sun, and appeared as a small black spot, just visi- 
ble to the nuked eye, projected on the sun’s face. It was 
67' in diameter. 

If two such discs are nearer together than 1' 12', few 
eyes can distinguish them as two distinct objects. If a 
body is long and narrow, its angular dimensions (width) 
may be reduced to 10' or 15' before it is indistinguishable 
, to the eye. For example,, a spider line hanging in the air. 

. If an object is very much brighter than the background 
which it is ^en, there is no limit below which it is nec- 
essarily inyisible. Its visibility depends, in such a case, 
only on its brightness. It is probable that the diameters 
of the brightest stars subtend an angle no greater than 
O'.©!. 

Latitude and Longitude of a Place on the Eaxth’s Sur&oe. 
Qe 9 graphy teaches us that the earth is a sphere. Positions 
on its surface are defined by giving their latitude and 
lon^tude. According to geography, fhe latitude of a place 
on the earth’s surface is its angular distance north or south 
of the equator. 
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The longitude of a place on the earth’s surface is its 
angular distance east or west of a given first meridiem. 

If jP in the figure is the north pole of the earth, the 
latitude of the point B is 60° north; of Z it is 30° north; 
of I it is 27°i south. All places having the same latitude 
are situated on the same parallel of latitude. In the figure 
the parallels of latitude are represented by straight lines. 

All places having the same longitude are situated on the 
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same meridian. We shall give the astronomical definitions 
of these terms further on. 

It is found convenient in astronomy to modify the geo- 
graphical definition of longitude. In geography we say 
that Washington is 77° west of Greenwich, and that Syd- 
ney (Australia) is 161° east of Greenwich. For astro- 
nomical purposes it is found more convenient to count the 
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longitude of a place from the first meridian (usually 
Greenwich) always towards the west. Thus Sydney is 309° 
west of Greenwich. 360°— 161° =309°. 

The earth turns on its axis once in 34 hours. In this 
time a point on its surface moves through 860 degrees, or 
such a point moves at the rate of 15° per hour. 360 divided 
by 34 is 16. 

Henee we may express the longitude of a place either in 
time or arc. 'Washington is 6'‘ 8“ west of Greenwich, and 
Sydney is Id** 66“ west of Greenwich. 

It is also indiflerent which first meridian we choose. 
■We may refer aU longitudes to Paris, to Berlin, or to Wash- 
ington. Sydney is 8** 48“ west of Washington, and Green- 
wich is Id** 63“ west of Washington. 

lu the figure, suppose to be west of the first meridian. 
All the places on the straight line PQ have a longitude of 
16° orl hour; all on the curve Pb^Q have a longitude 
of 76° or 6 hours; and so on. 

The difference of longitude of any two places on the earth 
is the angular distance between the terrestrial meridians 
passing through the two places^ 

Thus Washington is 77° west of Greenwich, and Sydney 
is 309° tvest of Greenwich. Hence Sydney is 183° west of 
.Washington, and tins is the difference of khgitude of the 
two places. 
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BIGlSrS OB’ THE PLAOTTS, BTC. 


0 The Sun. 

(i The Moon. 
S Mercury. 

$ Venus. 

© or s The Earth. 


$ Mars. 

If Jupiter. 

^ Saturn. 

^ Uranus. 

HJ Neptune. 


The asteroids are distinguished by a circle enclosing a number, 
which number mdicates the order of discovery, or by their names, 
or by both, as ; Hecate* 


SIGNS OP THE ZODIAC. 


Spring 

signs. 

Summer 

signs. 


( 1. T Aries. 

/ 3. « .Taurus. 
( 8. IX ^mini. 
r4 © Cancer. 
^ 5. Leo. 

C 6. im Virgo. 


Autumn 

signs. 

Winter 

signs. 


7. Libra, 
a in, Scorpius. 

9. t Sagittarius. 

10. V3 Oapricornus. 

11. ^ Aquarius. 

12. K Pisces. 


The Greek alphabet is here inserted to aid those who are not already 
familiar with it in reading the parts of the text in which its letters 


occur ; 


Letters. 

Names. 

A ct 

Alpha 


Beta 

rr 

Gamma 

A S 

Delta 

E s 

Epsilon 

z c 

Zeta 

Hv 

Eta 

0 S 9 

Theta 

It 

Iota 

Kh 

Kappa 

AX 

Lambda 

M ft 

Mu 


Letters. 

Names. . 

N V 

Nu 

g « 

Xi 

0 0 

Omicron 

n icTc 

Pi 

Pp 

Bho 

2 6 i 

Sigma 

Tr 

Tau 

Tv 

TJpsilon 

$ <p 

Phi 

Xx 

Chi 

wi) 

Psi 

£h 09 

Omega 
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THE 3O3TRI0 SYSTEM. 

The metric system of weights and measures being employed in 
this volume, the following relations between the units of this system 
moat used and those of om ordinary one will be found oonvenient for 
reference : 

MEASURES 07 IjEKGTII. 

1 kilometre = 1000 metres = 0-62187 mile. 

1 metre = the unit = 89-870 inches. 

1 millimetre = ttW ^ metre = 0*08987 inch. 

meAbubes of weight. 

1 kilogramme = 1000 grammes = 2*2046 pounds. 

1 gramme = the unit =16*482 grains. 


The following rough approximations may be memorized ; 

The kilometre is a little more than -fiy of & mile, but less than } of 
a mile. 

The mile is 1-^ kilometres. 

Tho kilogramme is 2^ pounds. 

The pound is less than half a kilogramme. 

One metro is 8*8 feet. 

One metre is 89*4 inehes. 
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with the distances which separate him from the stars which 
he nightly sees in the sky. 

The Celestial Speebe, 

When we look at a star at night we scorn to see it sot 
against the dark surface of a hollo\,' sphere in whoso centre 
wo are, 

All the stars seem to be at the same distance from us. 
When wo stop to consider, wo see that it is quite possible 
that some one of the many stars visible may be nearer 
than some other, but as we have no immediate method 
of knowing which of two stars is the nearer, we are driven 
to speak of their apparent positions just as if they were 
bright points studded over the inner surface of a large 
hollow globe, and all at the same distance from us. The 
radius of this globe is unknown. We do not, however, 
think of any of the stars as beyond the surface and 
shining through it. We therefore suppose the radius of 
the sphere to be equal to or greater than the distanoe of 
the remotest star. 

Students generally fail at the outset to realize two very 
important facts in relation to the celestial sphere. First, 
that for all the purposes of our present knowledge the 
relative positions of the stars on its surface do not vary. 
Maps were made of these positions centuries ago which are 
as correct now as old maps of portions of the eartL The 
motions of the earth present different portions of the celes^ 
"tial sphere to our observation at different times, and one 
who has not thought at all of the subject might by that 
fact be led to suppose that changes are taking place in the 
relative positions of the stars t^mselves. Most people, 
however, know that they can dnd the et^e groups of stars 
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« constellations,” as iliey are called— in different direc- 
tions from tlie observer’s location on the earth, night after 
night; the difference in the directions being due to the 
earth’s motions. Reflection on the foregoing will help the 
student to realize the second important fact alluded to in the 
beginning of this paragraph— that for most practical pur- 
poses of astronomy the earth may be regarded as a point 
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in the centre of a hollow globe whose inside surface is 
spotted over with the stars, that hollow globe corresponding 
to the celestial sphere. In fact ingenious instruments to 
illustrate some of the truths of astronomy have b^en made 
of large globes of glass or other transpareiit Substenoes, 
with the stars painted in their unvarying positions on the 
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iticii€ie BTixfaoe, and the earth suepended at the centre hy 
•Wpports rendered as nearly inTisiblo as possible. 

Siappose an observer at the point 0 in the figure. If he 
8Q©s a star at the point Q it is clear that the real star may 
anywhere in space on the line OQ, as at s' for example, 
still appear to be at Q. 

stars which appear to be at the points P, V, XT, 

2% JS, B, may ia fact be anywhere on the lines OP, OV, 

O XJ, 0% OB, OB. Thus, if there were three stars along 
tH© line 0. T, they would aU be projected at the point T of 
thi© oelestial sphere^ and would appear as one star. 

3r%d sph&ri i 9 the surface upon which we im>^ 

ag4>!n^fhA8t<sr8^t^ 

GCiie proJecMon of a body upon, the oelestM sphere is the 
point in which; ihis body appears to be, when seen froxo- 
tb.© ©arth. This point is also called the apparent positiofs, 
of thta body. *Hiu8 to an observer at 0, T is the apparent 
position of ahy of the stars whose true positions are t, t, t. 
I3C©cic© it follows that positions on the celesthal sphere 0^0 
present ihs directiohs of the hsavenly "bodies from the db— 
80T‘V6it, ts^ hiave no' necessary relation to. theiiir distances. 

If the observer changes, his position, the apparent posi- 
tioDLS the stars vfill also change. 

^VSr© iited eoB?e i^ethod of describing the apparent posi- 
tioiiiS of sitoFS on ithe celestial sphere j to do this we iim- 
si^ixae a niunber of ' great circles to be drawn on its surface, 

, aitadl to these oiidlee we refer the apparent positions of tbe 
staarW 

A. oonsidexation of lig. 2 will show the correctness of 
fdllowiiig propotitions, which it is neoessary should, bo 
oleswly understood: , 

I, Every Straight ike through observer, wheh pro- 



mLAXioir or habtb to the mum n 

duced todeanMj. mtetseoto the celertW sphere in two 
through the oh«^.r iotereeot. the 

For sooh plimo there is one too ^ 

ob^s pesiL whioh interseote ‘"e pto. ol J-g“ 

tL ho. roeets the ^hero et the ^ «»• 
<nit oirele which is out from the sphere bj (he plune. 

Bratuple: PF’.Tvs- 2,iseliuethtough0^rpeud.ou 

4 .,u +v.n nlnrie AB P, P' the poles of A B. 

IV Lery line through the centre has one 

di to U. whioh piuue out. fire sphere m . ^ crr^ 
whose pole, are the iuterseotioD of the hue with 

''Suiple: The lioo ce'h“.'»“ ° 

perpendicular to it, and only this one. 

y tTBi SOBlZOV* 

i Issslptou. hruestup <». 

<u,ner6 an observer stands vs called the norvzo j 

line cuts the celestial e$lwCi Ms »««<?. 
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The nadir of an observer is the point wherj his vertical 
line cuts the celestial sphere below his feet. 

The zenith and nadir are the poles of the horizon. 

Vertical Planes and Circlea— A vertical plane with re- 
spect to any observer is a plane which contains his vertical 
line. It must pass through his zenith and nadir and must 
be perpendicular to his horizon. 

A vertical plane cuts the celestial sphere in a vertical 

drcte 

As soon as we imagine an observer to be at any point on 

the earth’s surface bis horizon 
is at once fixed; his zenith 
and nadir are also fixed. From 
his zenith radiate a number 
of vertical circles which cut the 
celestial horizon perpendicu- 
larly, and unite again at his 
nadir. This is a system of 
linos and circles which every 
j person carries about with 

him, as it were, and which may serve him for Imes to 
which to refer the apparent position of every star which he 

sees. ' 

Some one of these vertical circles will pass through any 
and every star visible to this observer. 

The altitude of a heavenly body is its elevation above the 
plane of the horizon measured on a vertical eircU through 
the star. 

The zenith distance of a sta/r is its angular dzstance from 
the zenith measured on a vertical circle. 

In the figure, Z8ie the zenith distance (5) of 8, and 
- E8 (a) is its altitude. Z 8 FT is an a^o of a great oirde; 
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the Tertical circle through the star. ZSH=a + ^-^^ > 

aud 5 = 90 ” - a or o = 90» - 5- 

The altitude of a star in the zenith is 90 , ha y 

where the vertical drcU through it meets the horizon, to t 

north {or south) point of the horizon. azimuth 

In the figure, NHxs the azimuth of S. The azimur 

<• a+nr in the east or west is 90°. 

The prime vertical of an observer is that one of^^' 

Mlr Wj i* MMptetoljSxedbrnicuwot iB “ 

■TtJtJmvtil. ..toblK i. r 11«» 

«di. 

St Z. Tbe -Bl it»H I* »” *’>“ ’ 

**Sf*TOtatrZl thi! »loiw. ■»'" oomBpo.dtoto P<»- 

tion of the star as determitied by its altitude and azimut . 

of a My are oalM its eorordimtes. _ ^^^rflinates 

,S1 am i.pp««»‘ poaiaop rf • "i» Bi, 


SZX »1 P" .» lB.wl.dg.df 
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If wo also know the distiinco of tho star from the obser- 
vor, we know every possible faot as to its place in space. 

T/ms, throe co-ordinaios mffice to fix the abmlute position 
of a body in space; two co-ordinates suffice to determine its 
apparent position on tJie celestial sphere. 

These propositions sui)pose the place of the observer to 

e fixed, since the altitude and azimuth refer to an obser- 
ver in some one definite position. If tho observer should 
change his place, the star remaining fixed, tho apparent 
position of tho star on tho celestial sphoro would change to 
him, owing to his own motion. Tho numbers which ex- 
press this apparent position— the altitude and azimuth of 
the star — would also change. 

But wherever the observer is, if he has these two co- 
ordinates for a star, the apparent place of the star is fixed 
for him. 

The Horizoa — Since tho earth is spherical in form, and 
the horizon is a piano touching this sphere, every different 
place must have a different horizon. Wherever an observer 
goes on the earth’s surface he carrios an horizon, a zenith, 
and a nadir with him, and a set of vortical circles to which 
he can refer the positions of all the stars he sees. If ho 
stays at a fixed point on the earth’s surface his horizon is 
always fixed with relation to his vertical line. But the 
earth on which he stands is turning round its axis, and his 
horizon being tangent to tho oarth is moving also, and the 
vertioid line moves with it. The stars stay in the same abso- 
lute places from year to year. The earth on which the 
obsoiwor Stands is turning roiind from west to east. His 
horizon is thus brought successi vely to tho east of the various 
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stars, whicli thus appear to rise higher a,nd higher abore 
it. 

The earth continues its motion, and the plane of his ho- 
rizon finally approaches the same stars from the -west and 
they sot below it, only to repeat this phenomenon with 
OTory rotation of the earth. 

Tho horizon appears to each observer to be the stable 
thing, and the motion is referred to the stars. As a matter 
of fact it is the stars that stand still and the horizon which 
moves below them, causing them to appear to rise, and then 
above them, causing them to appear to set. 

The Biubnal Uotiost. 

Tilt diurnal motion is that apjparmf motion of the sun, 
moon, and stars from east to mst in consequence of which 
they rise and set. 

We call it the diurnal motion because it repeats itself 
from day to day. The diurnal motion is caused by a daily 
rotation of the earth on an axis passing through its centre 
called the oarfs of the earth. 

This axis intersects the earth’s surface in two opposite 
points called the north and south poles of the earth. If the 
earth’s axis be prolonged in both directions, it meets the 
celestial sphere in two points which are called the poles of 
the celestial sphere or the celestial poles. The north celM- 
tial pole corresponds to the north end of the earth s axis; 
the south celestial pole to the south end. 

The plane of the equator is that plane ^ which passes 
through the ecn-th’s centre perpendicular to its axis. This 
plane intersects the earth’s surface in a great circle of the 
krth’s sphere which is called the earth’s equator {eq m 

lig. 6). 
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This plane intersects the celestial sphere in a, great circle 
of this sphere which is called the celestial equator or equi- 
noctial {EQ in Pig. 6). 

The celestial equator is eyerywhere half way between the 
two celestial poles and thus 90® from each. The celestial 
poles are thus the poles of the celestial equator. 

Apparent Diurnal Motion of the Celestial Sphere, — The 
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obserter on the earth is uncouBoious of its rotation, and 
ae c^esidal sphere appears to him to rerolTe from east to 
west aronhd the earth, while the earth appears to remain 
at rest. The case is much the same as if he was on a 
steamer which is turning round, and as if he saw the har- 
bor-shprra, the ships, and the houses apparently turning in 
an opposite direction. 
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So far as appearances are concerned, it is quite the same 
thing -whether -we conceive the earth to be at rest and the 
heavens to turn about it, or -whether we conceive the stos 
to remain at rest and the earth to move on its axis. We 
can explain all the phenomena of the diurnal ” 

either -way. We must, however, remember that it really is 

the earth which turns on its axis and 

to the observer different parts of the celestial spherfc Th 

namely, celestial pol^. fee above the 

tial pol*”* op^ » ^ „d 

oU ““ “■ 

od..M P»'« t 

tL arat .teto b, t,o rt«i ta a. 

constellation TJrm Major, m 
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The following laws of the diurnal motion will now be 
clear: 

I. Every star in the heavens appears to describe a circle 
around the pole as a centre in consequence of the diurnal 
motion. 

II. The greater the star’s north-polar 'distance the larger 
is the circle. 

III. All the stars describe their diurnal orbits in the 
Same interval of time, which is the time required for the 

earth to turn once on its axis. 

The circle which a star appears to describe in the sky in 
consequence of the diurnal motion of the earth is oaBed the 
diuTvy^ 0ThU of thiit stte. 

These laws can be proved bji' denervation. The student 
can satisfy ^limsdf of their ^rrectness in any clear night. 

If thi star’s north-polar distance is less than the altituae 
of the pole, the circle which the star describes will not 
meet the horizon at aU, and the star will therefore neither 
rise nor set, but will simply perform an apparent dmrnal 
revolution round the pole. Such stars are shown m the 
fio-ure The apparent diurnal motion of the stars is m the 
direction shown by the arrows in the cut. Below the 
pole the stars appear to move fi-om left to i^ht, wert to 
Lt; above the pole they appear to move from east to 

"" The circle within which the stars neither rise nor set is 
called the circle of perpetual apparition The “d™ o* 
this circle is equal to the altitude of the ^le a^ve fte 
or to L north pohn: the norfli p.n.t 

.teUatio. ohmgh. it. oonflg«r.ti»i ,.th t»p«t to th. 
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horizon. That part of the constellation which is highest 
when the group is above the pole becomes lowest when it 
IS below the pole. This is shown in the figure, which 
represents a supposed constellation at different times of the 
night as it revolves round the pole. Tlie culmination of a 
star occurs when it is at its highest point above the hori- 
zon. The point of culmination is midway between the 
points of rising and setting. 

If the polar distance of a star exceeds the altitude of the 
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pole, the star will dip below the horizon for a part of its 
diurnal orbit, and the greater the polar distance of the 
star the longer it will be below the horizon. 

A star whose polar distance is 90“ lies on the celestial 
equator, and one half of its diurnal orbit is above and 
one half below the horizon. 

The sun is in the celestial equator about March 21st and 
September gist of each year, so that at these times the 
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days and nights are of equal length. This is why the 
celestial equator was formerly called the equinoctial. 

Looting further south at the celestial sphere, we sha 
see stars which rise a little to the east of the south point of 
the horizon and set a little to the west of this point, being 
above the horizon but a short time. The “ 

far below the horizon of any place as the north pok is a 
t. Hence stars near the south pole never rise in our 
latitudes. The circle within which stars never rise is called 

apparition and occultation depend *^®P°“*'7nbaLe 
obLrver upon the earth, and hence that they will cha g 

their positions as the observer changes bis. 

By going to Horida we may see groups of stare which 

are not visible in the latitude of New York. 

The Meridian.-The pUne of the meridian of an oiserver 
is that one of Ms vertical planes which contains the earth s 
axis. Being a vertical plane it must contain the zenith 
and nadir of the observer ; as it contains the earth s aas 
it must contain the north and south celestial poles. 

Different observers have different meridian planes, since 

they have different zeniths. . 

The terrestrial meridian of an observer is the line in 
vrhichthe plane of his meridian intersects the surface of 

the earth. It is his north and south line. 

It follows that if several observers are due north and 
south of each other, they have the same terrestrial mendian 
The celestial meridian of an observer is the grea o 
cut from the celestial sphere by the plane of 
meridian. Persons on the same terrestnal mendian have 

the same celestial meridian. 
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of the Meridta „ a™,e Ji ^ Z” t’ 

2 ^. ...a by thi. .e mean tte (tereesM “ 

tZS. “ Obeer^;^^ 

•ta Dnn«eL k«™, « 
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position of the pole will change the asneotof fit 
8fcy, ,aBthe biirher tb« ««i« ® *“ ®®P®o»of the obserrer’a 
gner the pole appears above the horiaon the 
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greater the circle of perpetual apparition, and therefore the 
greater the nuniher of stars which never set. 

If the observer is at the north pole his zenith and the 
pole itself will coincide : half of the stars only will be vis- 
ible, and these will never rise or set, but appear to move 
around in circles parallel to the horizon. The horizon and 
the celestial equator will coincide. The meridian will be 
indeterminate since ^and P coincide; there will be no east 
and Tirest line, and no direction but south. The sphere in 
this case is called a parallel sphere. (See Fig. 9.) 
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If instead of travelling to the north the observer should 
go toward the equator, the north pole would seem to ap- 
proach his horizon. When he reached the equator Iwth 
poles would be in the horizon, one 

Luth. All the stars in succession would then ^ ^ 

and each would be an equal time above and below the 

’'ir.pL"! i. ^ 

diW motio. i. .t rigU to til. bomoio II 



30 


ASTttONOMt. 


nov tlie observer travels southward from the equator, the 
south pole will become elevated above his horizon, and in 
the southern hemisphere appearances will be reproduced 
which we have already described for the northern, except 
that the direction of the motion will, in one respect, be 
different. The heavenly bodies will still rise in the east 
and set in the west, but those near the equator will pass 
north of the zenith instead of south of it, as in our lati- 
tudes. The sun, instead of moving fi*om left to right, 
there moves from right to left. The bounding line be- 
tween the two dii’ections of motion is the equator, where 
the sun culminates north of the zenith from March till 
September, and south of it from September till March. 

If the observer travels west or east of his first station, 
his zenith will still remain at the same angular distance 
from the north pole as befoi’e, and as the phenomena 
caused by the earth’s diurnal motion at any place depend 
only upon the altitude of the elevated pole at that place, 
these will not be changed except as to the times of their 
occurrence. A star which appears to pass through the 
zenith of his first station will also appear to pass through 
the zenith of the second (since each star remains at a con- 
stant angular distance from the polo), but later in time, 
since it has to pass through the zenith of every place be- 
tween the two stations. The horizons of the two stations 
will intercept different portions of the celestial sphere at 
any one instant, but the earth’s rotation will present the 
same portions successively, and in the same order, at both. 
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CoKRESPOiroxircE or the Tebeesteui asd Ceiebtia 
Spbebeb. 

We have seen that 

horizott of any observer ^ relation of tbo 

his place on the earth’s surface. observer is 

altitude of tl. of tU 

expressed m the following ^ earth's 

ceLial pole above the lu^rim^ 
surface is equal to the lati- 
tude of that place. 

Let L he a place on the 
earth PEpQ, Pp t>eing 
the earth’s axis and E Q its 
equator. is the zenith of 

the place, and JET E its hori- 
zon. LOQ^ the latitude 
of L according to ordinary 
geograpliical definitions; 
it is the angular distance of 
L from the equator. Pro- 
long 0 P indefinitely to P' 
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long 0 P indefinitely ^ points on 

the oeleetM eplete ° a,e dimeiuioM oj the eartt 

they appear as one point Since t 

^ ,.eUhmgly em.ll "^trge M we pl»»- 

celeelUl ephem, which “a POQ 
We have then to prove that EUSl ZLP’ 

1 ff me eight ..glee, -d ‘Wo« 

= ZOP' by construction. Hence _ 

PO Q-ZOP', or the latitude of the point 
nred by either of the equal angles LOq ox 
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If we denote the latitude by ^ it follows that the N.P.D, 
(north-polar distance) of Z is 90° — <p. As an observer 
naoyes to various parts of the earth, his zenith changes 
position with him. In every position the N.F.D. of his 
zenith is 90° — <p. If he is at the equator his cp is 0° and 
his zenith is 90° from the north pole, which must there- 
fore he in his horizon. If he is at the north polo, <p = + 
90° md the N.P.D. of his zenith is 0°, or his zenith co- 
incides with the north pole. If he is at the south polo 
( 9 > = — 00°) the N.P.D. of his zenith is 90° — (— 90°) 
or ISO?, That is, his zenith is 180° from the north pole, 
or it most coincide with the south pole ; and so in other 


casee. 

All this has just been shown (pages 38—30) in another 
way, biit it is of the first impoitance that it should be not 
only clear but familiar to the student. When he secs any 
astronomical diagram in which the north pole and the hori- 
matp laid down he can at once tell for what latitude this 
di^ia is constructed. The elevation of the pole above 
the horizon mourns the latitude of the observer, to whose 
.^tatipp tjiis partiotijar diagifam applies. * 

Ohange of the Position of the Zenith of an Observer by 
the Bi«nuilltolaon.-In Fi^ 13 suppose wssoto repre- 
seni the earth and NE 'D Q the celestial sphere. The earth, 
as we know, is rotating on the axis NS. We have now to 
^mre what are the , real circumstances of this motion, 
■^apparent phenomena have been previously described. 
Bemeniber that the vertical line of an observer is (practi- 
<^y) that of a radius of the earth passing through his 
sMion. If the observer is at n his zenith is at NP. 

fa is at -SP. H the observer 

» m 45° north latitude, he is carried round by the 
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.ototio. ol ae earth in a mall drole «t a. e^h a 
plane ie petpenaenlei: to ae 

ae parallel of 45% «. oallod, and,, J^e 

Hi. «nia ie arnaje direofly abeee 
eenia mn.t dtooi-lbe each day a eirole Jf i on eel^ a 
^ to” -reeponding to a,, parallel on ao earth-, art .a, 
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ft nirole half way between the celestial pole and the celestial 
IV mw suppose the observer to be on the equator 
Hia aenith wiU then he 90" from either pole. Aa ae 
iiawtolyea on ilaali. hUreniamll de«lr>to . J«» 

^eJf«onaeoele.tial.phere. Thiaeindeia theoeleahrt 

e^llf. An ohaertor at 46” ««a Mad. an haa a 
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parallel S 0 marked out on tho celestial splifir® l*y * 
motion of his zenith due to the earth’s rotation, **•* ***** 
Thus, for each parallel of latitude on the earth wti !>»' *' 
corresponding circle on the celestial sphere, anti cswh «* 
these latter oirolos has its poles at the colostial polr^w. 

Not only are there circles of the celestial «pln*n‘ «hi« » 
correspond to parallels of latitude on tho earth, l><«t th****»* 
are also celestial meridians corresponding to the vunoiM 
terrestrial meridians. Tho plane of tho moritlinH of «n> 
place contains the zenith of that place and the two tnih***! ial 
poles. It cuts from the earth’s surface tho r<al 

meridian and from tho celestial sphere that grertt iMirh' 
■which we have defluod as tho celestial meridian. '1 »» 
tho ideas let us suppose an observer at some ono !«**•** 
the earth’s surface. A north and south lino on the <*»r*h 
at that point is tho visible roprcscntalivo of his torrosi rhd 
meridian. A plane through the conti’o of tho t*urlh bi>*1 
that lino contains his zenith, and cuts from thes 
sphore the celestial meridian. As tho earth rota-U's «*« hs 
axis his zenith moves aronud the celestial nphorc in 
parallel as .2’X in the last figure. Suppose that th^ *‘»«t 
point is in front of the picture, tho west point iMtiiig 1***“ 
hind it. Then as tho earth rotates the zenith SS will nn*t*-* 
along the line Z L from Z towards L. Tho otVlosl fMl »n«'ri 
dian always contains tho celestial poles ond tho ptniit -ff, 
wherever it may be. Hence the arcs of great oi ruins j«»iu 
ing N.P. and 8.P. in the figure ai’e represontativos t»f tl>*t 
celestial meridian of this observer, at different tiinos dur- 
ing the period of the earth’s rotation. They have 
drawn to represent the places of the meridian at intervals 
of 1 hour. That is, 12 of them are drawn to ropresent 
12 couscoutive positions of ths meridian durinig a soiui* 
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revolution of the earth. ‘ In this time Z moves from Z to 
L. In the next semi-revolution Z moves from L to Z, 
along the other half of the parallel ZL. In 24 hours 
the zenith Z of the observer has moved from Z to L and 
from L back to Z again. The celestial meridian has also 
swept across the heavens from the position N.P., Z, Q, 3, 
8.P. through every intermediate position to iV.P., L, JB, 0, 
S.P., and from this last position back to 2f.P., Z, Q, 8, 
8.P. The terrestrial meridian of the observer has been 
under it all the time. This real revolution of the celestial 
meridian is incessantly repeated with every revolution of 
the earth. The sky is studded with stars all over the 
sphere. The celestial meridian of anyplace approaches 
these various stars from the west, passes them, and leaves 
them. This is the real state of things. Apparently the 
observer is fixed. His terrestrial and celestial meridians 
seem to him to be fixed, not only with reference to himself, 
as they are, but to be fixed in space. The stars appear to 
him to approach his celestial meridian from the east, to 
pass it, and to move away from it towards the west. 
When a star crosses the celestial meridian it is said to 
culminate. The passage of the star across the meridian is 
called the transit oC that star. This phenomenon takes 
place successively for each observer on the earth. Suppose 
two observers, A and B, A being one hour (15°) oast of 
B in longitude. This means that the angular distance of 
their terrestrial meridians is 15' (see page 10). Prom what 
we have just learned it follows that their celestial meri- 
dians are also 16° apart. When B’s meridian is N.P.) 
Z, Q, R, 8.P., A’s will be the first one (in the figure) 

beyond it; when B’s meridian has moved to this first posi- 
tion, A’s will be in the second, and so on, always 15° 
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(1 hour) in advance. A group of stars which has just come 
to A’s meridian will not pass B’s for 1 hour. Whon they 
are on B’s meridian they will ho 1 hour west of A’s, and 
so on. notice also that A’s zenith is always 15° east of 
B^s. 

The same stars will successively rise, culminate, and sot 
to each observer, but the phenomena will be presented to 
the eastern observer sooner than to the other. 
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If be the earth, and a a spectator whose zenith is at 
Z at' the instanfc chosen for making the picture, and Z^ , 
at,anbsequent times, his horizon must successively take the 
positions jH”, jH^, jff". . . The stars near E (the east point) 
will, successively appear to rise, as the horizon falls below 
them, while those near TTwill successively appear to set, 
Jt id -obyions that the observer 5 will see thes^ appearanoes 
’^a|rjjer ^hah fj. 




CHAPTEE IL 


THE RELATION OP THE EARTH TO THE HEAVENS— 

{Gontinued,) 

Celestial Sphere. 

Sy8t^m$ <>f Co-ordimtes.— Tlie great circles of the celestial 
sphere whioh pass through the two celestial poles are called 
hour^cirol&^. ^ach hour-circle is the celestial meridian of 
some place the earth. ^ 

The hour-circle of any particular star is that one which 
passes through the star at the timC. As the earth revolves, 
different hour-circles, or celestial meridians, come to the 
star. 

In Eig. 13 let 0 be the position of the earth in the centre of 
the celestial sphere 'NZ 8 D* Let Zbe the zenith of the ob- 
server at a given instant, and P, p, the celestial poles. By 
doQ.i\i\\OTi P Z 8pn N F is his celestial meridian. (Each 
of these points has a name; let the student give the names 
in order.) N 8 is the horizon of the observer at the instant 
chosen. PO iV' is his latitude. If P is the north pole, he 
is in latitude 34° north, (See page 31.) 

jE GW I) is the celestial equator; E and W are the east 
and west points. The earth is turning from W to E. That 
is, the celestial meridian which at the instant chosen in the 
picture contains P Zp was in the position PDRp twelve 
hours earlier. 
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If J * ** 

Iftll 

v<*'l 
%’ 


P C, P B, PV, P D ai’e parts of hour-circles, 
a star, P.B is the hour-circle of that star. As the oJ* 
turns P B turns with it, and directly P B will have mo ^ 
away from A towards the top of the picture and soon ^ . 
will pass through the star A, which stands still. Wht*** **' 
does, PV will be the hour-circle of A. At the hint »****• 
chosen P 5 is the hour-circle of A. The stars inside* 
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circle NE are always above the observer’s horizon. I '//* 
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half of the diurnal orbit of one of the north stars. All 
stars inside the circle SB are perpetually invisible to fcllfl 
hbeetTrafi orishalf of the orbit of one of these BoufcI*«*ril 
st^. The north-polar distance of all those stars pej*|»«*l ti» 
allj above the horizon is less than or equal to P iV" ; I li« 
south-pblai: distance of all the stars perpetually invisil»l<» if 
lees than, or equal io p S, which is equal to P jV, 
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Altitude and Azimuth.— -2' d7 is the vertical circle of the 
star A at the instant choseu for making the picture. In 
a few moments Z will have moved eastwards and a new 
vertical circle will have to be drawn. &A is the altitude 
of A at the instant; in a few moments it will be less, i'or 
as Z moves towards the eastward, AT IF /S, the western hori- 
zon of the observer, will move upwards (in the drawing) 
and come nearer to A, which stands still. Therefore the 
altitude of A will diminish progressively. It is now CfA. 

The azimuth of A is now N 0, counted from the north 
point. It will change as Z changes. Haying the altitude 
and azimuth of A at the instant, the observer at 0 can find 
ib in the sky. (See page 18.) 

Horth-Polar Distance and Hour- Angle. — Tlie north-polar 
distance of A is FA. This will serve as one of a pair of 
co-ordinated to point out the apparent position of A in the 
sky. 

The hour-angle of a star is the angular distance between 
the celestM meridian of the place and the hour-circle of 
that star. The hour-angle is counted from the meridian 
towards the west from 0° to 360°, or from O'* to 24**. The 
hour-angle of A, at this instant, is ZF B. The hour- 
angle of a star K is 0°. 

The hour-angle is measured by the arc of the equator 
between the celestial meridian and the foot of the hour- 
circle through the star. The arc CB measures the hour- 
angle of A at the instant. Directly, Z will have moved away 
to the east and 0 will move away also along the dotted part 
of the line representing the equator, TF OBJ). 

Having the two co-ordinates FA and C B, the observer 
at 0 can find the star A . It will be noticed that these two 
co-ordinates, polar distance and hour-angle, differ in one 
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respect from the two co-ordinates altitude and azimtiOl 
Both the latter change as the earth revolves on its axis- < 1 
the former only one changes; viz., the hour-angle. 
polar distance of a star remains the same, since it is the <1 ii 
tancefrom a fixed point, the pole, to a fixed point, the siui 
Sight Ascension and North-Polar Distance. — We <*^^1 
devise a pair of co-ordinates neither of which shall cliui»iLi! 
as the earth revolves. This will clearly be convenient, fo 
this pair of co-ordinates will be the same for every obsorvii 
and for every hour of the day, whereas the others vary wit I 
the time, and with the situation of the observer. 

To select such a pair we have simply to use fixed point 
in the celestial sphere to count from. The north polo wil 
do for one of these, and the north-polar distance of the 
will serve for one co-ordinate. This is measured, for ill 
star -4, on the hour-circle P B. Let us choose some 
point V on the equator to measure our other oo-oi’dinuti 
from, and let us always measure it on the equator tow tin I 
the east from 0° to 360° (from O*' to U^). That is, frtiti 
V through £, G, B, D, W, successively. 

FJJ is the right ascension of A, The right ascensiou 
a star is the arigular distance of the foot of the hour^oirrl 
through the star from the vernal equinoZi rneasured on th 
celestial equator ^ towards the east 
Exactly what the vernal equinox is we shall find <m 
later on; for the present it is sufificient to define it m ^ 
certain fixed point on the celestial equator. 

H we have the right ascension and north-polar distaxiri 
of a star, we can point it out. Thus VB and PA defhti 
the position of A. As long as the pole, the star, and thi 
vtemal equinox do not move relatively to each other thuNli 
two cb-ordinates fix the position of the star. Their relati n 
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positions are not affected by tbe rotation of the earth, nor 
by the position of the obserrer upon its surface. He may 
be in any latitude or any longitude, and Ms zenith maybe 
anywhere in the whole sky, hut the right ascension and 
the north-polar distance of each star remain the same nev- 
ertheless. 

The right ascension of the star KisYG. Of a star at E 
it is V CM ; of a star at D it is F CMD j of a star at W 
it is F C ED W, and so on. 

Bight Ascension and Declination. — Sometimes in place 
of the north-polar distance of a star it is conYenient to 
nse its declination. 

The declination of a star is its angular distance north or 
south of the celestial equator. 

The declination of A is BA, which is 90® minus MA. 

The relation between H. P. D. and S is 

H. P. D. = 90“ — d; d = 90® — N. P. D. 

Horth declinations are ■+; South declinations are — . 

The declination ot Z is G Z. CZ is eq^ual to P N, since 
each is equal to 90° — PZ. PN measures the latitude of 
the obserrer whose zenith is Z. (See page 31.) 

The latitude of a place on the earth’s surface is measured 
ly thi' declination of tfs zenith. 

This is the definition of the latitude which is used in. 

astronomy. 

Co-ordinates of a Star.— In what has gone before we haTe 
seen that there are various ways of expressing the apparent 
positions of stars on the surface of the celestial sphere. 
That'<iltt.e most commonly used in astronomy is to gire the 
right. 'ascension and north-polar distance (or declination) of 
the star. The apl>arent position of the star is fixed by these 
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two co-ordinates. If we know its distance also, the abso- 
lute position of the star in space is fixed by the three co- 
ordinates. Thus we hare a complete method of describing 
the positions of the heayenly bodies. 

Co-ordinates of an Observer.— To describe the position of 
an observer on the surface of the earth we have to give his 
latitude and longitude. His latitude is the declination of 
his zenith; his longitude is the fixed angle between his 
celestial meridian and the celestial meridian of Greenwich 
(or ’Washington). Declination in the sky is analopus to 
Latitude on the earth. Right ascension in the sky is anal- 
ogous to Longitude on' the earth. Both of these co-ordi- 
nates depend upon the position of his zenith, since his 
longitude is nothing but the angular distance of his zenith 
west of the zenith of Greenwich. 

ATI this is extremely simple, but if it is clearly under- 
stood the student has it in his power to answer a great 
many interesting questions for himself. 

■W^e know, for example, tkat the sun is in the equator and at the 
vernal equinox on March Silst of each year. 

The student cAn deterniiiie for himself what appearances will be 
presented on that day next year. He may proceed in thisway; I^aw 
a circle to represent the celestial sphere. Take a point, J?, of it to 
be the position of the north pole in the sky. If the observer lives 
in a place whose latitude is <p degrees north, his zenith will be 
90« — from the north pole measure towards the south. Measure 
off 90“ - 9 on the circle from P. The end of that arc is the zenith 
of that observer, Z, PZ \& an arc of his celestial meridian. Meas- 
ure from P through Z 90“, and the end of that arc is on the equator, 
Q say. Jpin Pwith the centre, 0, of the circle. This line is the 
direction of the celestial^ pole. Join 0 and Q, and this line (perpen* 
dicu^r to p 6) is the direction of that point of the equator which is 
highest above his horizbn.' Draw the line Z0\ this is the vertical 
ll^e. Through 0 perpendicular to Z 0. This-is the north 

line of his horizon. Draw the ovals which represent On 
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perspective) the circles of the equator and of the horizon. Assume 
a point, F, of the celestial equator. On March 21st of each year the 
sun is there. When the sun is at the highest point ^ of the cquatoi 
it is noon to this observer. The sun is on his meridian. Six hours 
before this time tlio sun •will rise to him; six hours after he "will 
sot. It requires t’wenty-four hours for the point F to bo apparently 
carried all round the equator, and the sun appears to go with the 
point. Three months later tlie sun is about fiO® of right ascension 
and has a north- pf)lar distance of 66i®. The student can determine 
in the same way the circumstances under which the sun will appear 
to him to move on the 21at of next June when its north-polar distance 
is 66i®, o;ron Decmber 2l8t, when its N. P. D. is 118^®. 

The example that is here given is not for the purpose of teaching 
the student what the motion of the sun is; that will be considered in 
its proper order in this book. But it is to show him that if lie wishes 
to know about it he can find out for himself. ,, 

When he reads about the midnight sun that is visible in the Arctic 
regions he can verify the facts for himself. Let him construct the 
diagram we have described for a place whoso latitude is 80® north 
and see what sort of a diurnal orbit the sun will describe on the 21st 
of June when its N. P. B. is 661®. 

XxLATioir OF Tike to tee Sphebe. 

Sidereal Time. — The earth rotates uniformly on its axis; 
that is, it turns through equal angles in equal intenrals of 
time. 

This rotation can be used to measxore any intervals of 
time when once a unit of time is agreed upon. The most 
natural and convenient unit is a day. There are various 
kinds of days, aud we hare to take them as they are. 

A 8%d$Teal day is ike interval of time required for the 
earth to rotate once on its aais. Or what is the same thing, 
it is the interval of time between two consecutive tran- 
sits of any star over the same celestial meridian* ., The 
sidereal day is divided into 24 sidereal hours; each hour is 
divided into 60 minutes; each minute into 60 seconds. In 
maJdhg one revolution the earth turns through 860'*, sq that 
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24 hours = 360®; also, 

1 hour = 15°; 1° = 4 minutes. 

1 minute = 15'; 1' = 4 seconds. 

X second = 15'; 1' = 0.066 second. 

When a star is on the celestial meridian of any place its 
hoim-angle is zero, by definition (see page 39). It is then 
at its transit or culmination. 

As the earth rotates, the meridian mores array (east- 
■wardly) from this star, whose hour-angle continually in- 
creases from 0® to 360®, or from 0 hours to 24 hours. 
Sidereal time can then be directly measured by the hour- 
angle of any star in the heavens which is on the meridian 
at an instant we agree to call sidereal 0 hours. When this 
star has an hour-angle of 90°, the sidereal time is 6 hours; 
when the star has an hour angle of 180 ° (and is again on 
the meridian, hut invisible unless it is a circumpolar star), it 
is 12 hours ; when its hour-angle is 270°, the sidereal time 
is 18 hours; and, finally, when the star reaches the upper 
meridian again, it is 24 hours or 0 hours. (See Fig. 18, 
where O' fFD is the apparent diurnal path of a star in 
the equator. It is on the meridian at 0.) 

Instead of choosing a star as the determining point 
whose transit marks sidereal 0 hours, it is found more con- 
venient to select that point in the sky from which the right 
ascensions of stars are counted — the vernal equinox— the 
point Fin the figure. The fundamental theorem of si-' 
dereal tinae is: The hour-angle of tie vernal equinox, or the 
sidereal tim, is equal to the right ascension of the meri- 
dia/n; that is, F = F O'. 

To avoid continual reference to the stars, we set a clock 
so that its hands shall mark 0 hours 0 minutes 0 seconds 
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at tho transit of the Tomal equinox, and regulate it so that 
its hour-hand revolves once in 24 sidereal hours. Such a 
clock is called a sidereal clock. 

Solar Time. — Time measured by the hour-angle of the 
sun is called trne or apparent solar time. An apparent 
solar day is the interval of time between two consecutive 
transits of the sun over tho upper meridian. The instant 
of the transit of tho sun over the meridian of any place 
is tho apparent noon of that place, or local apparent noon. 

When the sun’s hour-angle is 12 hours or 180®, it is 
local apparent midnight. 

Tho ordinary sun-dial marks apparent solar time. As 
a matter of fact, apparent solar days are not equal. The 
reason for this will be fully explained later. Ilence our 
clocks are not made to keep this kind of time, for if once 
sot i‘ight they would sometimes lose and sometimes gain 
on such time. 

Mean Solar Time.— A modified kind of solar time is 
therefore used, cMainiean solar time. This is the time 
kopi; by ordinary watches and clocks. It is sometimes 
called civil time. Mean solar time is measured by tho hour- 
angle of tho moan sun, a fictitious body which is imagined 
to move uniformly in the equator. Tho law according ta 
which the moan sun is supposed to move enables us to com- 
pute its exact position in the heavens at any instant, and to 
define this position by tho two co-ordinates right ascensioix 
and declination. Thus wo know the position of this imagi- 
nary body just as wo know the position of a star whoso 
oo-ordinatos are given, and we may speak of its transit as 
if it were a bright material point in the sky. A man. 
solar day is the interval of time between two oonseoutivo 
transits of the mean sun over tho upper meridian. Mean 



46 


ASmONOMZ 


noon at any place on the earth is the instant of the tiiif 
sun's transit over the meridian of that place. Twelve lx oi 
after local mean noon is local mean midnight. The ixxc 
solar day is divided into 24hours of 60 minutes each. 
ininute of moan time contains 60 mean solar secoii' 
Astronomers begin the mean solar day at noon, whiolx ii 
hours, and count round to 24 hours. 

We have thus three kinds of time. They are alike in one 
each is measured by the hour-angle of some body, real or asat4 in 
The body chosen determines the kind of time, and the absolute Iciij 
of the unitr-the day. The simplest unit is that determined l>y 
uniformly rotating earth — ^the sidereal day; the most natural unit 
that determined by the sun itself — the apparent solar day, wld 
however, kr a variable unit; the most convenient unit is the 
! solar day, and this is the one chosen for use in our daily life. 

Ooinpwrative Lengths of the 'Mean Solar and Sidox< 
Day. — As a fact of observation, it is found that tlio fi 
appears to move from west to east among the stars, a»l>c 
1° daily, making a complete revolution around the spli< 
in a year. It requires 365^ days to move through 360"^. 

Hence ah apparent solar day will be longer than a sic 
real day. !For suppose the sun to be at the vernal equin 
exaciiy at sidereal noon (0 hours) of Washington time 
Marehi 21st; ih^t ^ the vernal equinox and the sun i 
both on the meridfen of at the same instai 

^ sidereal hdurs thb vernal equinox will again be on t 
miondiatL^ but the stin will have moved eastward ly 
about a ^g^eoi, and the earth will have to turn tlxroiu 
, this angl^ hnd a littje more in order that the sun sh 
;hg*ttnbe on the^W or in order thmt 

; my 1^. apparent oh March 22d. For the meridi 

tp overtake the rah r^mres about 4 minutes of sidon 
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time. Th.o true sun does not move, as we have said, uni- 
formly. The mean sun is supposed to move uniformly, 
and to make the circuit of the heavens in the same time as 
the real sirn. Hence a mean solar day will also he longer 
than a sidereal day, for the same reason that the apparent 
solar day is longer. The exact relation is: 

1 sidereal day = 0-097 mean solar day, 

34 sidereal hours = 03’* 66“ 4* -091 mean solar time, 

1 mean solar day = 1-003 sidereal days, 

24 mean solar hours = 34’* 8“ 60* - 565 sidereal time, 

and 

860-34830 sidereal days = 866-04333 mean solar days. 

Local Time. — When the moan sun is on the meridian of 
a place, as Boston, .it is moan noon at Boston. When the 
moan snu is on the meridian of St. Louis, it is moan noon 
at St. Louis. St. Louis being west of Boston, and the 
earth rotating from west to oast, the local noon of Boston 
occurs before the local noon at St. Louis. In the same 
way the local siilcrcal time at Boston at any given instant 
is expressed by a larger mmher than the local sidereal time 
of St. Louis at that instant. 

The sidereal time of moan noon is given in the astro- 
nomical ophemoris for every day of the year. It can be 
found within ten or twelve minutes at any time by remem- 
bering that on March 31st it is sidereal 0 hours about 
noon, on April 31st it is about two hours sidereal time at 
noon, and so on through the year. Thus, by adding two 
hours for each month, and four minutes for each day after 
the 3lst day last preceding, we have the sidereal time at 
the noon we retpiiro. Adding to it the number of hours 
Since noon, and one minute more for every fourth of a day 
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on account of the constant gain of the clock (4“ daily), wo 
hare the sidereal time at any moment 

Example.— Tmdi the sidereal time on July 4th, 1881, at 4 o’clock 
A.M. We have: 

Juno 31st, 8 months after March Slst; to bo X 8, 

July 8d, 13 days after June Slst; x 4, 

4 A.M., 16 hours after noon, nearly f of a day, 


This result is within a minute of tlie exact 

BiOlation of Time and Longitude, — Considering our civil 
time which depends on the sun, it will he seen that it is 
noon at any and every place on the earth when the sun 
crosses the meridian of that place, or, to speak with more 
precision, when the meridian of the place passes under the 
sun. In the lapse of 24 hours the rotation of the earth on 
its axis brings all its meridians under the sun in succession, 
or, which is the same thing, the sun appears to pass in suc- 
cession over all the meridians of the earth. Hence noon 
continually travels westward at the rate of 16° in an hour, 
making the circuit of the earth in 24 hours. The differ- 
ence between the time of day, or the local time as it is called, 
at any two places will be in proportion to their difference 
of longitude, amounting to one hour for every 16 degrees of 
longitude, four minutes for every degree, and so on. 7m 
versa, if at the same real moment of time we can determine 
the local times at two different places, * the d ifleren oe of these 
times multiplied by 16 will give the difference of longitude. 

The longitudes of places are determined astronomically 
on this principle. Astronomers are, however, in the habit 
Of expressing the longitude of places on the earth like the 


li m 
6 0 
0 48 
16 8 


38 61 


* compare the two, hj telegraph for eacampl^, 
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right asoeDsions of the heavenly bodies, not in degrees, but 
in hours, Tor instance, instead of saying that Washington 
is 77° 3' west of Greenwich, we commonly say that it is 5 
hours 8 minutes lit seconds west, meaning that when it is 
noon at Washington it is 5 hours 8 minutes 12 seconds 
after noon at Greenwich. This course is adopted to prevent 
the trouble and confusion which might arise from constantly 
having to change hours into degrees and the reverse. 

Where does the Day Change?— A question frequently 
asked in this connection is. Where does the day change? 
It is, we will suppose, Sunday noon at Washington. That 
noon travels all the wuy round the earth, and when it gets 
back to Wasliingtou again it is Monday. Where or when 
did it change from Sunday to Monday ? We answer, 
wherever people choose to make the change. Navigators 
make the change occur in longitudo 180° from Greenwich. 
As this meridian lies in the Paoifle Ocean, and meets 
scarcely any land through its course, it is very con venient for 
this purpose. If its use were universal, the day in question 
■would be Sunday to all the inhabitants oast of this line, and 
Monday to every one west of it. But in practice there have 
been some deviations. As a general rule, on those islands 
of the Pacific which were settled by men travelling east the 
day would at first be called Monday, even though they 
might cross the meridian of 180°. Ind.eed the Russian 
settlers carried their count into Alaska, so that when our 
people took possession of that territory they found that 
the inhabitants called the day Monday when they them- 
selves called it Sunday. These deviations have, however, 
almost entirely disappeared, and with few exceptions the 
day is changed by common consent in longitude 1§Q fropj 
grf^nwicl^, 
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Deteemutatiosts or Teebesteial Lokgittoes 

Owing to the rotiition of the eftrth, there isuo such hxecl 
correspondence between meridians on the earth and among 
the stars as there is between latitude on the earth and de- 
clination in the heavens. Hie observer can always deter- 
mine his latitude by finding the declination of his zenith, 
but he cannot find his longitude from the right ascension 
of his zenith with the same facility, because that light as- 
cehsion is constantly changing. To determine the longi- 
tude of a place, the element of time as measured by the 
diurnal motion of the earth necessarily comes in. Con- 
sider the plane of the meridian of a place extended out to 
the celestial sphere so as to mark out on the latter the 
celestial meridian of the place. Take two such places, 
Washington and San Francisco for example ; then there 
will be two such celestial meridians cutting the celes- 
tial sphere so as to make an angle of about forty-five de- 
grees with each other in this case. Let the observer imagine 
himself at San Francisco. Then he may conceive the 
meridian of Washington to be visible on the celestial sphere, 
and to extend from the pole over toward his south-east 
honzon so as to pass at a distance of about forty-five degrees 
east of his own meridian. It would appear to him to bo at 
rest, ^though really both his own meridian and that of 
Washington axe moving in consequence of the earth’s rota- 
tion. Apparently the stars in their course will first pass 
the meridian of Washington, and about three hours later 
will pass his own meridian. Now it is evident that if he 
can determine the interval which the star requires to pass 
from the meridian of Washington to that of his own place, 
he will at once have the difference of longitude of the two 
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places by simply turning the interval in time into degrees 
at the rate of fifteen degrees to each hour. 



FlO. 14. 


The difference of longitude between any two places de- 
pends upon the angular distance of the terrestrial (or celes- 
tial) meridians of those two places and not upon the motion 
of the star or sun which is used to dotennino this angular 
difference, and hence the longitude of a place is the same 
whether expressed as the difference of two sidereal or of 
two solar times. The longitude of Washington west from 
Greenwich is 8“ or 77°, and this is in fact the ratio of 
the angular distance of the meridian of Washington from 
that of Greenwich, to 24 hours or 300°. The angle between 
the two meridians is -jW of 24 hours, or of a whole circum- 
ference. 
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It is tluis plain that Ike difference of longihule of anyhoo 
pieces is the scvoie ns the difcvoK’e oj Uieir siwuUdiieous 
local times ; and this wlietlior the local times spoken of 
are both sidereal or both solar. 

Methods or Deteeminthg the Dietebence of Iongi- 
TODE OF Two Places oh tee Eabth. 

Every purely astronomical method depends upon the 
principle we have just laid down. 

It is of vital importance to seamen to be able to deter- 
mine the longitude of their vessels. The voyage from Liv- 
erpool to New York is made weekly by scores of steamers, 
and the safety of the voyage depends upon the certainty 
with •which the captain can mark the longitude and lati- 
tude of his vessel upon the chart. 

The method used by a sailor is this : with a sextant (sec 
OhaptorIII.)tholooal’time of the ship’s position is deter- 
mined by an observation of the sun. ’Jihat is, on a given 
day he can set his watch so that its bands point to twelve 
hours when the sun is on his meridian on that day. Ho 
carries a chronometer (which is merely a very (ino watch) 
whose hands point always to Greenwich time. Suppose 
that when the shiii’s time is O'* or noon the Greenwich 
time is S’* 20*". Evidently ho is west of Greenwich 3'* 20"*, 
since that is the difieronce of the sitnullaiieous local times, 
and since the Greenwich time is later. Hence he is some- 
where on the meridian of 50° west. If he has determined 
the altitude of the pole or the declination of his zenith in 
any way, then he has his latitude also. If this should be 
45° north, the ship is in the regular track between New 
York and Liverpool, and he can go on with safety. 
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■ When the steamer Faraday was laying the direct cable she got her 
longitude every day by comparing her ship’s lime (found by obser- 
vation on board) with the Greenwich time telegraphed along the cable 
and received at the end of it which she had on her deck. Longitudes 
may be deterniined in the same way on shore. 

From an observatory, as Washington, the beats of a clock are sent 
out by telegraph along the lines of railway; at every railway station 
and telegraph ollico the telegraph sounder beats the seconds of the 
Washington clock. Any one who can set his watch to the local time 
of his station and who can compare it with the signals of the Wash- 
ington clock (which are sent at Washington noon, daily except Sun- 
day) can determine for himself the difference of the simultaneous 
local times of Washington and of his station, and thus his own longi- 
tude east or west from Washington. 


Ueieoss or BETEBMimccro the Latithde oe a Place 

OH THE lAETH. 

Latitude from Circumpolar Stars. — lu the figure sup- 
pose Z to be the zenith of the observer, HZBN Ms me- 



90" - cp = p z', 

90" — (p =z %" — 

90" — (f>- i{z' -h '/')•, 
= i{z" - '/). 
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ridian, P the north pole, H B his horizon. Suppose S and 
S' to he the two points where a circumpolar star crosses 
the meridian, as it moves around the pole iu its apparent 
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diurnal orbit. P8=P8' is the star’s north-polar dis- 
tance, and Pif = = the observer’s latitude. 


Therefore 


Z8+Z8' 

a 


ZP = 90° - <p. 


<p= 90° 


Z8+Z8’ 

"a 


"We can measure Z8 and Z8', the zenith distances of the 
star in the two positions, by the meridian circle or by the 
sextant, as will be explained in the next chapter. IIoiico 
having these zenith distances we have the latitude of the 
place. 

Latitude by the Keridian Altitude of the Sun or a Star. 
—In the figure let Z be the observer’s zenith, P the pole, 

and Q the intersection of 
the celestial equator with the 
meridian HZH. The alti- 
tude of the star 8 is meas- 
ured when the star is on the 
meridian. It is known to 
bo on the meridian when wo 
find its altitude to be a max- 
imum. From the measured 
altitude of the star 8 we deduce its zenith distance Z8 = 5 
= 90° — H 8. Its declination is taken from a catalogue of 
stars it it is a star, or from the Nmitical Almanae if it is 
the sun. In either case the declination Q 8 ii known. 

ZQ = Q8 + Z8‘, 

<p — d S,. 

If the body culminates north of the zenith at /S', 

ZQ = Q8' - ZS^i 

<P= 8 - 
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This is the mofcliod uuiformly employed at sea, where the 
altitude of the sun at apparent noon is daily measured. 

Parallaxes and Semidiametees of the Heavenly 
Bodies, 

The apparent position of a body on the celestial sphere 
rcinaiiis the same as long as the observer is fixed, as Las 
boon shown (see page ?.0). If the observer changes his 
place and the star nunains in the same position, the ap- 
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parent position of the star will change. To show this let 
Olf be the earth, Q being its centre. and S'' are the 

places of two observers on the surface. Z' and Z" are 
tlieir zeniths in tho celestial sphere H' P"* P is a star. 
8' will see P in tho apparent position P'. 8" will see P 

in the apparent position P". That is, two dijBEerent ob- 
servers see tho same object in two different apparent 
positions. If the observer 8' moves along tho surface 
directly to S", tho apparent position of P on the celes- 
tial sphere will appear to move from P' to P". 

This change is duo to tho parallax of P. 
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The parallax of a lody due to a change in the 
of the observer, is the alteration in the apparent j.>( ^ ^ 
of the body caused by that change* 

If the observer at /S'' could move to the centre ^ 

earth along the lino Q, the apparent position of P 
move from P' to P^. If the observer at /S'" coul<l 
from 8” to 0 along 8”C, the apparent ])ositioii cA I* 
move from P" to P^. 

In the triangle P /S' (7 the following parts are known - 

C'P = = the geocentric distance of P, 

O'/S' = p' = the radius of the earth at 6'', 

and the angle /S'PO'rr P'PP^ is iht parallax of P. 

For the change of apparent position of P from I * * 
is due to the change of the point of observation from 
G* 

Similarly the angle 8”PQ = P"PP, is the paralUix <> f /' 
relative to a change of the observer fiom /S'" to G. 

Horizontal Parallax. — Clearly the parallax of P 
for observers differently situated on the earth, and it is 
necessary to take some standard parallax for each 
Such a standard is the horizontal pamZte. Supi><>st-' 
to be in the horizon of the observer /S'; then V 

will be 90% as will also the angle P8'C, In the ti*iit2»p:le 
8'PG three parts will then be known and the hori;c<>,f a tal 
parallax (the angle at P when P is in the horizon) cr-itii lu‘ 
found. It will be the same for the observer at 8\ W 1 hmi 
P is in the horizon of 8% Z''8''P is a right angle, as i b a l.'-n 
P/S" O'. OP and 0/S" are known and thus the hori:«<>iA t al 
parallax of P is determined. 

If OP, the distance of P, increases, other things rcrxrsi^i xi- 
’ug the same, the parallax of P will diminish. 
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The stadent cau prove this for himsoK by drawing the 
figure on the same scale as hero given, making GP larger. 

The angles at P (the parallaxes) will become smaller and 
smaller the larger OPii taken. Hence the magnitude of 
the paniUax of a star or a planet depends upon its distance 
from us. 

Suppose an observer at the point P looking at the earth s 
radius S'G. The angle subtended by that semidiameter 
is the same as tlie parallax of P. Hence we may say that 
the parallcKJC of a body with reference to an observer on the 
earth is measured by the angle suUeMed at the body by 
that semidiameter of the earth which passes through the 
observer's station. 

As the point P is carried further and further away from 
the earth, the angle subtended by ^ C, for example, becomes 
less and less. If P were at the distance of the moon, this 
angle would be about 67'; if at the distance of the sun, 
it would be about 8-^. S'G is roughly 4000 miles; it 
subtends an angle of 57' at the distance of the moon. 70 
miles would subtend an angle of about 1', and 3437 
would bo about 340,000 miles. This is the distance of the 
moon from the earth. (See pages 4, 5.) 

Again, 4000 miles subtends an angle of 8'. 5 at tlie dis- 
tance of the sun. 470.7' miles would subtend an angle of 
r, and 30C,364".8 would be 97,000,000 miles, and this is 
about the distance of the sun. By taking the exact values 
of the radius of the earth and of the solar parallax, this dis- 
tance is found to be about 93,000,000 miles. 

The example shows the method of ealculating the sun’s 
distance when we have two things accurately given: first, 
the dimensions of the earth; and second, the parallax ef 
the sun. 
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ftTinnal Parallax.— Wo have seen that for the moon the 
parallax is about 1°; for the sun it is only 8"; for some of 
the more distant planets it is considerably less. 

Per JupitcT it is about 3*; for Sdlitm less than 1 i for 
Ncplune about 0*.3. 

Lot us remember what this means. It means that 4000 
miles, the earth’s radius, would subtend at the distance of 
Neplum an angle of only ,*„• of a single second of arc. ^ 

The parallax of the moon is determined by obseiwation, 
and the observation consists in measuring the angle which 
the radius of the earth wonld subtend if viewed from the 
moon’s centre. 57' is an angle largo enough to bo deter- 
mined quite accurately in this way. There would bo but a 
small iJercewi! of error. Even 8', the sun’s parallax, can bo 
measured so as to have an error of not more than 2 oi 3 
per cent. 

But this method will not do to measure anything much 
smaller than 8". The parallax of a fixed star, for example, 

is not 

is too minute a quantity to bo deduced by these methods. 
We therefore use for distant bodies a parallax which does 
not depend on the radius of tho earth, but upon tho radius 
of the earth’s orlit around tho sun. 

The annual parallax of a body is the angle subtended at 
the body by the radius of the earth’s orbit seen at right 
angles. 

For example, in Fig. 18 suppose that (7 now represents 
the sun, around which the earth S' moves in the nearly 
circular orbit S' 8" S'. S'Cn no longer 4000 miles as in 
the last example, but it is 93,000,000 miles. Suppose P to 
be, again, a body whoso annual parallax is S'P 0 (suppos- 
ing rs' O' to bo a right angle). 
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Some of tho nearest fixed stars liavo an annual parallax 
of nearly I"', Hence the nearest oC them arc not nearer 
than 20C,2f)4 times 03,000,000 miles. The ^];reatcr nnmhcr 
of them have a parallax of not more than 
Hence their distances cannot he less than 


10 X 200,^04 X 03,000,000 miles. 

To tho stiTflent who lias ini(lcrsiooil Lhc siniido rules given 
on pages 4 and 5 those deductions will be plain. 
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Semidiameters of the Heavenly Bodies. — The angular 
semidiameter of the snn as seen from the earth is OGl^. 
Hence its diameter is 1932^ Its real diamoLcr in miles is 
therefore about 880,000, as its distance is 93,000,000 miles. 

The angular semidiameter of tho moon as seen from the 
earth is about 15^. Hence its real diameter is alioiit 2000 
miles, its distance being about 240,000 miles. 

In the same way, knowing the distance of any planet and 
measuring its angular semidiametor, we can compute its 
dimensions in miles. 
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ASTRONOMICAL INSTRUMENTS. 

General Account— In a general way we may divide the 
instruments of astronomy into two classes, seeing instru- 
ments and measuring instruments. 

The seeing instruments are telescopes; they have for 
their object either to enable the observer to see faint objects 
as comets or small stars, or to enable him to see brighter 
stars with greater precision than he could otherwise do. 
How they accomplish this we shall shortly explain. The 
measuring instruments are of two classes. The first class 
measures of time. The second measures angles. 

A clock is a familiar example of the first class; a divided 
circle of the second. 

Let us take these in the order named. 

The Refracting Telescope,— The refracting telescope is 
composed of two essential parts, the object-glass or objec- 
tive and the Gye^piece, 

The object-glass is for the sole purpose of collecting the 
rays of light which emanate from the thing looked at, and 
for making an image of this thing at a point which is called 
the focus of the objective. 

eye-piece has for its sole object to magnify the image 
so that the angular dimensions of the thing looked at will 
appear greater when the telescope is used than when it is 
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For example, in the figure suppose BI to 
bo a luminous surface. Eyery point of it is 
throwing off rays of light in straight lines in 
every possible direction. Let us consider the , 
point L The rays from I proceed in every 
direction in which we can draw a straight line 
through L Suppose all such straight lines 
drawn, Let 00^ be the objective of a tele- 
scope pointed towards BL All the rays from 
I which fall on 00' lie between the lines 10 ^ 
and JO'. No others can reach the objective, 
and all others which proceed from / are 
wasted so far as seeing I with this particu- 
lar telescope is concerned. 

The action of the convex lens 00' is to 
bend every ray which passes through it to- 
wards its axis BA, JO is bent down to OJ'; 
JO' is bent up to O'J'; and so for every 
other ray except the ray from J through the 
ceutve of 00' which is bent neither up nor 
down, but which goes straight on to J' and 
beyond. 

Every one of the rays of light sent out by 
J between the limits JO and JO' finally passes 
through J'. J is a point of light, and so is 
J'. The point J' is the focus of 00' with 
respect to J. 

Similarly B sends out light in every direc- 
tion. Only those rays which chance to fall 
between BO and BO' are useful for seeing 
B with this particular telescope. Every one 
of this bundle of rays comes to e. focus on the 
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intersection of the lines T and BA. In the same way 

every point of tlie object i?/has a corresponding image on 

the line F somewhere between F and the axis BA. 

F is the focal plane of the objective with respect to 

the object BJ^ and the imago of BI lies in this focal plane. 
The objective has now done all it can; it lias gathered 
every possible ray from the object i>V and presents every 
one of these rays concentrated in an image of this object 
in the focal plane at J' 

Notice two things: first, the image is inverted with re- 
spect to the object; I is above the imago of / is below 

the image of B\ second, the rays from B i do not 

stop at /' but go on indefinitely to the loft, always 

diverging from the image. 

The Eye-piece, — The eye-piece is essentially a microscope 
which is simply to magnify the angular dimensions of the 
object as it is seen in the telescope; that is, to magnify the 
image. To see well with a microscope it must l)o close to 
the thing magnified. It cannot bo placed near to Bl in 
general, for BI may be a mile or ten millions of miles 
away. So the place to put it is near to the image of a 
little above the focal plane F in the figure. 

The eye must be placed a little further above still, 
at such a position as to see well with the eye-piece. That 
is, close to it. Now fix an objective in one end of a tube 
and an eye-piece in the other end and you have a refracting 
telescope. The more powerful the microscope used as an 
eye-piece the higher the magnifying power of the combina- 
tion, We increase the magnifying power of any telescope 
by changing the eye-piece. 

The Objective. — ^As a matter of fact the objective is usu- 
ally made of two glasses like the figure, where the arrow 
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shows the direction in which the rays come to it from the 
object. If we use a single ob- 
jective we find that the image of 
the object is colored ; that is, of 
different colors from its natural 
tints. We find that by using a 
double objective made of two Fio.ao. 

different kinds of glass this can be corrected. This is ex- 
])lained in Optics under the head of Achromatism or Chro- 
matic Aberration. 



light-gathering Power. — It is not merely by magnifying 
that the telescope assists the vision, but also by increasing 
the quantity of light which roaches the eye from the object 
at which wo look. Indeed, should we view an object 
through an instrument which magnified but did not in- 
crease the amount of light received by the eye, it is evident 
that the brilliancy would bo diminished in proportion as 
the surface of the image was enlarged, since a constant 
amount of liglit would be spread over an increased surface; 
and thus, unless the light were very bright, the object might 
become so darkcTied as to be less plainly seen than with the 
naked eye. How the telescope increases the quantity of 
light will be scon by considering that when the unaided 
eye looks at any object, the retina can only receive so many 
rays as fall upon the piii)il of the eye. By the use of the 
telescope it is evident that as many rays can bo brought to 
the retina as fall on the eiitii*o object-glass. The pupil of 
the human eye, in its normal state, has a diameter of about 
one fifth of an inch, and by the use of the telescope it is 
virtually increased in surface in the ratio of the square of 
the diameter of the objective to the square of one fifth of 
an inch; that is, in thQ ratio of the surface of the objootivo 
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to the surface of the pupil of the eye. Thus, with a two- 
inch aperture to our telescope, the number of rays collected 
is one hundred times as gi-eat as the number collected with 
the naked eye. 


With a 6-inch object-glass the ratio is 6S6 to 1 


“ 10 “ “ 

“ 16 “ “ 

“ 20 “ “ 

“ 26 “ “ 


“ “ 2,600 to 1 

“ “ 6,626 to 1 

“ “ 10,000 to 1 

“ “ 16,900 to 1 


When a minute object, like a small star, is viewed, it is 
necessary that a certain number of rays should fall on the 
retina in order that the star may be visible at all. It is 
therefore plain that tlie use of the telescojie enables an 
observer to see much fainter stars than he could detect with 
the naked eye, and also to see faint objects much bettor 
than by unaided vision alone. Thus, with a 20-inoh tele- 
scope we may see stars so minute that it would rofiuirothc 
collective light of many thousands to be vi.<ildo to the 
unaided eye. 

Eye-piece. — In the skeleton form of telescope before de- 
scribed the eye-piece as well as the objective was eoii.«idored 
as consisting of but a single lens. But with such an eye- 
piece vision is imiierfect, except in the centre of the field, 
from the fact that the image does not throw i-ays in every 
direction, but only in straight lines away from the objc(!- 
tive. Hence the rays from near tho edges of the focal 
image fall on or near the edge of tho eye-piece, whence 
arises distortion of the image formed on tho retina, and loss 
of light. To remedy this difficulty a lens is inserted at or 
very near the place where the focal image is formed, for tho 
pui’jiose of throwing the different pencils of rays which 
emanate from the several parts of the image, toward the 
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axis of the telescope, so that they shall all pass nearly 
through the centre of the eye-lens proper. These two 
lenses are together called the eye-piece. 

There are some small diflEorences of detail in the con- 
struction of eye-pieces, but the general principle is the 
same in all 

The figure shows an eye-piece drawn accurately to scale. 0 J is 
one of the converging pencils from the object-glass which forms one 
point (/) of the focal imago la. This image is viewed by the flold^ 
lens F of the eye-piece as if it were areal object, and the shaded pencil 
between Fixud JS shows the course of these rays after deviation hyF’, 
If there were no eye-lens E, an eye properly placed beyond would 
see an image at i'a'. The eye-lens B receives the pencil of rays, and 
deviates it to the observer’s eye placed at such a point that the whole 
incident pencil will pass through the pupil and fall on the retina, and 
thus be effective. As we saw in the figure of the refracting telescope, 
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every point of the object produces a pencil similar to 07*, and the 
whole surfaces of the lenses JT^and TZ^arc covered with rays. All of 
these pencils passing through the pupil go to make up the retinal 
image. This image is referred by the mind to the distance of distinct 
vision (about ten inches), and the image AF^ represents the dimen- 
sion of the final imago relative to the ima,ge al as formed by the ob- 
AF' 

jective, and is evidently the magnifying power of this particular 
eye-piece used in combination with this particular objective. 
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Befleoting Telescopes, — As we have seen, one essential part of a 
refracting telescope is the objective, which brings all the incident rays 
from an object to one focus, forming there an image of that object 
In reflecting telescopes (reflectors) the objective is a mirror of specu- 
lum metal or silvered glass ground to the shape of a paraboloid. The 
figure shows the action of such a mirror on a bundle of parallel rays, 
which, after impinging on it, are brought by reflection to one focus 
F. The image formed ut this focus may be viewed with an eye- 
piece, as in the case of the refracting telescope. 

The eye-pieces used with such a mirror are of the kind already 
described. In the figure the eye-piece would have to be placed to 
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the right of the point F, and the observer’s head would thus interfere 
with the incident light. Various devices have been proposed to rem- 
edy this inconvenience, of which the most simple is to intei*pose a 
small plane mirror, which is inclined 45® to the line AO, just to the 
left of F. This mirror will reflect the rays which are moving towards 
the focus J?^down (in the figure) to another focus outside of the main 
beam of rays. At this second focus the eye-piece is placed and the 
observer looks into it in a direction perpendicular to AO, 

The Telescope in Measurement. — A telescope is generally 
thought of only as an instrument to assist the eye hy its 
magnifying and light-gathering power in the manner we 
have described. But it has a very important additional 
function in astronomical measurements hy enabling the 
astronomer to point at a celestial object with a certainty 
and accuracy otherwise unattainable. This function of 
the telescope was not recognized for more than half a cen- 
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tury after its invention, and after a long and rather acri- 
monious contest between two schools of astronomers. 
Until the middle of the seventeenth century, when an 
astronomer wished to determine the altitude of a celestial 
object, or to measure the angular distance between two 
stars, he was obliged to point his sextant or other meas- 
uring instrument at the object by means of pinnules.” 
These' served the same purpose as the sights on a rifle. In 
using them, however, a difficulty arose. It was impossible 
for the observer to have distinct vision both of the object 
and of the pinnules at the same time, because when the 
eye was focused on either pinnule, or on the object, it was 
necessarily out of focus for the others. The only way to 
diminish this difficulty was to lengthen the arm on which 
the pinnules were fastened so that the latter should be as 
far apart as possible. ‘Thus Ttoho Brahe, before the" 
year 1600, had measuring instruments very much larger 
than any in use at the present time. But this plan only 
diminished the difficulty and could not entirely obviate it, 
because to be manageable the instrument must not be very 
large. 

About 1670 the English and French astronomers found 
that by simply inserting fine threads or wires exactly in 
the focus of the object-glass, and then pointing it at the 
object, the image of that object formed in the focus could 
be made to coincide with the threads, so that the observer 
could see the two exactly superimposed upon each other. 
When thus brought into coincidence, it was obvious that 
the point of the object on which the wires were set was in 
a straight line passing through the wires, and* through the 
centre of the object-glass. So exactly could such a point- 
ing be made, that if the telescope did not magnify at all 



68 


ASTROFOMY. 


(the eye-piece and object-glass being of equal focal length), 
a very important advance vrould still be made in the ac- 
curac} of astronomical measurements. This line, passing 
centrally through the telescope, we call the lUw of colli- 
niation of the telescope, A B in Fig. 19. If we have any 
way of determining it, it is as if we had an indelinitcly long 
pencil extended from the earth to the sky. If the observer 
simply sets his telescope in a fixed position, looks through 
it and notices what stars pass along the threads in the eye- 
piece, he knows that all those stars lie in the axis of col- 
limation of his telescope at that instant, 

By the diurnal motion a pencil-mark, as it were, is thus 
drawn on the surface of the celestial sphere uniong the 
stars, and the direction of this pencil-mark can be deter- 
mined with far greater precision by the telescope than with 
* the naked eye. 


CHE02T0METEIIS AND CLOCKS, 

"We have seen that it is important for vai-ioiis jnirposes 
that an observer should be able to determine his local time 
(see page 62). This local time is determined most accu- 
rately by observing the transits of stars over the celestial 
meridian of the place where the observer is. In oi'der to 
determine the moment of transit with all required accuracy, 
it is necessary that the time-pieces by which it is measured 
shall go with the greatest possible precision. There is no 
great difficulty in making astronomical measures to a sec- 
ond of arc, and a star, by its diurnal motion, passes over 
this space in one fifteenth of a second of time (see page 
44). It is therefore desirable that the astronomicixl clock 
shall not vary from a uniform rate more than a few 
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hundredths of a second in the course of a day. It is 
not, however, necessary that it should always be perfectly 
correct; it may go too fast or too slow without detracting 
from its character for accuracy, if the intervals of time 
which it tells off — hours, minutes, or seconds — are always 
of exactly the same length, or, in other words, if it gains 
or loses exactly the same amount every hour and every 
day. 

The time-pieces used in astronomical observation are the 
chronometer and the clock. 

The chronometer is merely a very perfect watch with 
a balance-wheel so constructed that changes of tempera- 
ture have the least possible effect upon the time of its 
oscillation. Such a balance is called a co)n 2 )ensation bal- 
ance. 

The ordinary house-clock goes faster in cold than in 
warm weather, because the pendulum-rod shortens under 
thednfluence of cold. This effect is such that the clock 
will gain about one second a day for every fall of 3° Cent. 
(5°U Fahr.) in the temperature, supposing the pendulum- 
roi to be of iron. Such changes of rate would be entirely 
inadmissible in a clock u^d for astronomical purposes. 
The astronomical clock is therefore provided with a com- 
pensation pendulum, by which the disturbing effects of 
changes of temperature are avoided. 

I The correction of a 'clock is the quantity which it is necessary to 
add to tlie indications of the hands to obtain the true time. Thus if 
the correction of a sldereul clock is + I'" 10^07 and the hands point 
to 21^ 13“ 14».50, the' correct sidereal time is 21^ 14*" 34*.57. 

The rate of a clock is the daily change of its correction; i.e., what 
it gains or loses daily. 
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The iHANSir iNSTBITllEHr. 

The Transit Instrument is used to observe the transits 
of stars over the celestial meridian. The times of those 



transits are noted by the sidereal clock, which is an indis- 
pensable adjunct of the transit instrument. 



AHTnoSOMIUAL lM<TRVMiLym 


71 


It conKisIfl csscntiiilly of a tolm^opo 7'7' mounlotl on an axis VV 
at riijclit iinpflcH to it. Th(^ (‘inls of this axis tcnninatt? in ju^onratoly 
■v'.yrnulri(‘al pivots which nist in niolallu*. bcarin^^s VV which aro 
Hh!ip(Ml like the Icttt^r V, ami luMiot* eiilhMi the V’s. 

Thesis are fastoiuMl to two pillars (►f Htone. brick, or iron. Two 
counterpoises \V irar(! connected with tluiaxis as in tin* plate, so as 
to tak(‘ a ljiri!;(* portion of the weij!;ht. of tin* axis and tcl<'scop<i from 
the Y’s, ami Unis to diminish the friction n[>on these* and to r<*nder 
the r<>talion about I' rinore easy ami rcip^ular. Jn tin; ordiiniry use 
of the transit, the line V Tis phu‘ed accurately and also perp<‘ii- 
diciihir to the meridian, or in the cast ami west line. To edVet tins 

adjustment’' there ani two sets of adjusUni*: senfws, hy which the 
ends of V V in tluj V’s may he moved eilh(*r uj[» and down, or north 
and south. The plate gives the form of transit used in pernianeut 
ohs<‘rvat<)ries, ami shows th(U)hserving ehair f ', the revusrsin.n’ carrlaiiyc 
It, and tli<i level L. Tln^ anus of tin? latter have V’s, w h’ch can be 
placed over llu; invots VV. 

The Una of coUimation of the transit t(d(‘K(*op(^ is the line drawn 
throii.i!;h the centre of the objective pc^rpcuidioular to the rotation 
aais VV, 

T\\Q 0 'GticU is a network of fine spider-lines placed in tlie focus o£ 
the objective. 

In Fig. 24 the circle represents the field of view of a transit as seen 
thiongli the eye ])ie(!e. The seven vortical 
lines, I, 31, HI. IV, V, VI, VII, are seven 
tine spider -lines tightly stretclied across a 
hole in a metal plate, and so adjusted as 
to he perpendicular to the direction of a 
star’s apparent diurnal motion. The hori- 
zontal wires, guide-mrea, a and //,mark the 
centre of tlie fudd. The field is illuniinalcd 
at night hyalaini) at the end of the axis 
which shines through the hollow interior of 
the latter, and causes the field to appear 
bright. The wires arc dark against a bright 
ground. Tlie line of night is a line joining the centre of the objective 
and the ctcnlnd one, TV, of the seven vertical wires. 

The whole transit is in adjustment when, fir.st, the axis F T is 
horizontal; second, when it lies oast and west; and third, when the 
lino of sight and the lino of collimalion coincide. When these condi- 
tions arc fulfilled the line of sight intersects the celestial sphere in the 
meridian of the place, and when TT is rotated about V V the line of 
sigld marks out the celestial meridian of the place on the spiiere. 
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The clock stands near the transit inslriiinen t. The times 
when a star passes the wires I-VJ[ arc noted. T]w average 
of these is the time when the slar was on ihc middle tliread, 
or, what is the same thing, on the coles tial meridian. At 
that instant its lionr-angle is zero. (See ])age 39.) 

The sidereal time at tliat instiint is the hour-angle of ihc 
vernal equinox (see page 44). This is measured froni the 
meridian towards the west. The right ascension of the 
star which is observed is the same ({iiantity, nu^asured from 
the vernal equinox towards the east. As the slnr is on 
the meridian, the two are equal. Suppose we know (lie 
right ascension of the star and that it is a, Hu])])ose ihc 
clock time of transit is T. It should have been a if (he 
clock were correct. The correction of the clock at this 
instant is thus a — T. 

This is the use we make of stars of Ten own right ascen- 
sions. By observing any one of them wo can get a value of 
the clock correction. 

Suppose the clock to he correct, and su])pose wo note that 
a star whose right ascension is unhnown is on the wire IV" 
at the time oY by the clock, is then the right ascension 
of that star. In this way the positions of stars, or of the 
sun and planets (in right ascension only), are determined. 

The Meeidiah Ciecle. 

The meridian circle is a coinbiiuition of the transit in- 
strument with a graduated circle fastened to its axis and 
moving with it. A meridian circle is shown hi Fig. 35. 
It has two circles finely divided on their sides. The gind- 
aation of each circle is viewed by four niicrosco])es. The 
microscopes are 90° apart. The cut shows also the hang- 
ing level by which the error of level of the axis is found. 
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The instnamont can bo vised as a transit to determine 
right ascensions, as before described. It can be also used, 
to measnre declinations in the following way: If the 
telescope is pointed to the nadir, a certain diTision of 
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the circles, as N, is under the first microscope.* We can 
mate the nadir a visible point by placing a basin of quick- 
silver below the telescope and looking in it through the tel- 
escope. We shall see the wires of the reticle and also their 


Or oppoi>it6 to a stationary pointer fixed to the pier. 


74 


ASmOJSOMT. 


reflected images in the quicksilver. When those coincide, 
the telescope points to the nadir. If it is then pointed i< > 
the pole, the reading will change by tlie angular distancH* 
between the nadir and the i^ole, or by 00“ + cp^ cp being tlu‘ 
latitude of the place (supposed to be known). Tiie polar 
reading P of the circle is thus known when the nadir 
reading iVis found. If the telesco])o is then pointed td 
various stars of unknown pohir distances, ;/, etc., 

as they successively cross the meridian, and it* the circh^ 
readings for these stars are P', P", P"\ etc., it follows 
that ^y'=P'— P; = P"— P; = P'" _ P- etc. 

Thus the meridian circle serves to determine by observa- 
tion iotlh co-ordinates of the apparent position of a body. 

The Equatorial. 

An equatorial teleecojpe is one mounted in such a way thal- 
a star may be followed through its diurnal orbit by turning 
the telescope about one axis only. The equatorial mount- 
ing consists essentially of a pair of axes at right angle's 
to each other. One of these 8 N {VoQ^^olar a;r/s) is direct- 
ed toward the elevated pole of the heavens, and it there- 
fore makes an angle with the horizon equal to the latitude* 
of the place (p. 81). This axis can be turned about its own 
axial line. On one extremity it carries another axis LJJ 
(the declmah'on axis), which is fixed at right -angles to it, 
but which can again be rotated about its axial line. 

To this last axis a telescope is attached, which may either 
be a reflector or a refractor. It is plain that such a tele- 
scope may be directed to any point of the heavens; for we 
can rotate the declination axis until the telescope points to 
any given polar distance or declination. Then, keeping 
the telescope fixed in respect to the declination axis, we can 
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rotate tlie "whole mstrament as one mass about fbr i 
axis until the telescope points to any portion oT tb(^ pnntlb 
ol declination defined by the given right ascension oi* In hi \ 
angle. Fig. 2G is an equatorial of 9|--inch aporliirr, nitb 
driving-clock inside the pedestal. 

If -we point such a telescope to a star when it is risin^^ tin 

by rotating the telescope first about its declination axis ami r h* n 
about the polar axis), and fix the telescope in tins posit ion. ou Ju 
by simply rotating the whole apparatus on the polar .axis, <‘au^r i 
telescope to trace out outlie celestial sphere the api>!ir(int tlum t- 
path which this star will appear to follow from rising l<> st-t ti n*/. f • 

such telescopes a driving-clock is so arranged that it <'an tum 
telescope round the polar axis at the same rate at which tln‘ osirt li u 
self turns about its own axis of rotation, hut in a contrary tli*‘ooi H'li. 
Hence such a telescope once pointed at a star will c‘oiit iiiut* to pm jU 
at it as long as the driving-clock is in operation, thus (‘niihlhir, fii* 

astronomer to make such an examination or observation of it n*' i 

required. 


The Sextaitt. 

The sextant is a portable instrument by which tlni aRtffdU s tU 
celestial bodies or the amjiilar distances between tlnnu luav h‘* 
measured. It is used chiefly by navigators for delcnninin*.': tli<» Ian 
tude and the local time of the position of the ship. Kno\N in?',' t h* ' 
local time, and comparing it with a chronometer regulah^tl on < 5r<'ou 
wicli time, the longitude becomes known and the ship’s pluor i ^ 
fixed. (See page 52.) 

It consists of an arc of a divided circle usually GO * in o.xh’yif 
whence the name. This arc is in fact divided into 120 <Mpinl poit' 
each marked as a degree, and these are again divided intr) Mnulh i 
spaces, so that by means of the vernier at the end of tlu‘ in<ie\ lu n* 
an arc of 10" (usually) may he read. 

The Af/S carries the indecc-glms JT, which is n .hiIvcmmI 

plane mirror set perpendicular to the plane of the divided av<\ I'll*- 
horizon-glass m is also a plane mirror fixed perpend icuhir to U n* plan* ^ 
of the divided circle. 

This last glass is fixed in position, while the fii-st revolvcH with rlir 
index-arm. The horizon-glass is divided into two parts, of w Jiioli 
the lower one is silvered, the upper half being transparent, A’ u 
telescope of low power pointed toward the horizon* glass. Kv it niiN 
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to whicli it is directly pointed can be seen through the unBiUered 
Of the horizon -glass. Any other object in the same plane can be 
into the same field by rotating the index-arm (and the iiidex- 
\vith it), so that a beam of light from this second object shall 
the index-glass at the proper angle, there to be refiected to the 
''*-2;on-glass, and again reflected down the telescope E. Thus the 
of any two objects in the plane of the sextant may be brought 
"^tlier in the telescope by viewing one directly and the other by 
lection. 



Fl&. 27. 


rriiis instrument is used daily at sea to determine the 
iliip’s position by measuring the altitude of the sun. This 
s done by pointing the telescope, JE B, to the sea-horizon, 
EL in the figure, which appears like a line in the field of the 
telescope, and by moving the index-arm till the image of 
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the sun, S, coincides with the horizon. The arc read from 
the sextant at this time is the sun’s altitude. From the 
altitude of the sun on the meridian the ship’s latitude is 
known (see page 54). From its altitude at another hour 
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the local time can he computed. The difference between 
the local time and the Greenwich time, as shown by the 
ship’s chronometer, gives the ship’s longitude. By means 
of this simple instrument the place of a vessel can be found 
witnin a mile or so. 

The above are the instruments of astronomy which best 
illustrate the principles of asti’onomical observations. 

Practical Astronomy is the science which teaches the 
theory of these instruments and of their application to ob- 
servation, and it includes the art of so combining the 
observations and so using the appliances as to get the best 
results. 
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The Asteohomical Ephemeeis, oe Nautical Almanac. 

'I’ho Astronomlnil Ki<hemem, or, us it is more commonly called, 
WxaAmtiml is a work in whicli celestial plienomcna and 

the positions of the heavenly bodies are cimiputcd in advance. 

Tile usctiilm-ss of sueli a work, esiKicially to the navigator, de- 
pends upon its regular appearauee on a uniform plan and upon the 
fulness and accuracy of its data : it was therefore necessary that its 
Issue sliould ho taken up as a government work. An astronomical 
ephomeris or nautical almanac is now published annually by each of 
tliegovertmienuof Oermany. Spain, Portugal, France, Great Britain, 
and the. Unitcil Slates. They are, printed three years or more be- 
forehand, in order tliat navigaUirs going on long voyages may supply 

thcmHelv(*s iu advance. , , ^ i n 

The K|)h(‘iuoris furnishes the fuiulaincntal data from winch all our 

houa(‘hold almanacs arc caUuilated. ^ 

The principiil quaulities given in the American Ephemens for 

each year are as follows: . . i , 

The positions (R. A. and S) of the sun and the principal large 
planets for Greenwich noon of every day in cacli year. 

The right ascension and declination of the moon’s centre for every 

Greenwich hour in the year. . , , , , 

The distance of tlie moon from certain bright stars and planets for 

every third Greenwich liour of llic yeai’. ... . ■, i 

The right ascensions and declinations of upward of two Imndrea 
of the brighter lixcd .stars, corrected for precession, nutation, and 

aherration, for every ten days. . , •. 

Tlic positions of tlio principal planets at every visible transit over 

the meridian of Washington. 

Complete elements of all the eclipses of the sun and moon, with 
maps showing the passage of the moon’s shadow or penumbra over 
Ze Snrof L efrth where the eclipses will he visible, and 
tables whereby the phases of the eclipses can lie accurately computed 

Tallies for predicting the occultations of stars by the moon. 
Kclipses of Jupiter's salellilcs and miscclla,neous 
Catalogues of Stars.— Of the same general nature with the Ephe- 
m2 r! tta ogues of the fixed stars. The object of such a cats, 
brae 8 to give the right ascension and declination of a number of 
irs for somrepcich. the beginning of the year 1875 for instance, 
wi* the data by which the position of each star can be found at any 
otlicr epocL. 
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To give the student a still further idea of the Ephemeris, wo present 
a small portion of one of its pages for the year 1882: 

Febkuary, 1882--AT Greenwich Mean Noon. 


the 

week. 




Wed. 

Thur. 

Frid. 

Sat. 

Sun. 

Mon. 

Tues. 

Wed. 

Thur. 

Frid. 

Sat. 

Sun. 

Mon. 

Tues. 

Wed. 

Thur. 

Frid. 

Sat. 





The Sun 

■’s 



Apparent 

nght 

Diff. 
for 1 

Apparent 

Diff. 

ascension. 

jhour 

declination. 

hour. 

H. 

M. 

s. 

1 

O 

/ 


. 

21 

0 

13.04 

10.175 

S17 

o 

29 4 

+42.82 

21 

4 

10 84 

10 141 

16 

45 

5.4 

' 43.57 

21 

8 

19.82 

10.107 

16 

27 

30 9 

44.30 

21 

12 

21 98 

10 073 

16 

9 

89.2 

+44.90 

21 

16 

23 33 

10.040 

15 

51 

30 8 

46.69 

21 

20 

23.88 

10.007 

15 

33 

6.1 

46.36 

21 

24 

23 63 

9.974 

15 

14 

25.4 

+47 03 

21 

28 

22 60 

9.941 

14 

55 

29 1 

47 66 

21 

.32 

20 79 

9.909 

, 14 

36 

17.7 

48,28 

21 

21 

36 

18.21 

9 877 

14 

10 

51.6 

48.88 

40 

14 88 

9 846 

13 

57 

11.2 

49 47 

21 


10.80 

9 815 

13 

37 

16.9 

50 03 

21 

21 

48 

5.98 

9 784 

13 

17 

9 1 

+50.59 

52 

0.43 

9.753 

12 

56 

48 3 

51.12 

21 

55 

64.16 

9.723 

12 

86 

14 9 

51.65 

21 

59 

47.17 

9,693 

12 

15 

29.3 

+52.14 

22 

3 

89.47 

9 664 

11 

54 

32 1 

52 62 

22 

7 

31.07 

9.635 

11 

33 

23 0 

53.07 


Equation 
of time 
to be 

subtracted 

fi-om 

mean 

time. 


M. S. 

13 fjl .34 

13 58.58 

14 5.01 

14 10 lU 
14 15 41 
14 19 40 

14 22 00 
14 25.01 
14 20.05 

14 27.51 
14 2? 03 
14 20.90 


s. 

0.31H| 
0 284 
0.250| 

0.210 

o.im 

o.isol 

0 11 
0 08.1 1 
0 052 


25.0.3 
23 52 
20.70 

17 15 
12 90 
7.94 


Sidereal 
time 
or riffht 
ascension 
of 

moan sun. 


H. M. s. 

20 40 21.70 
20 50 18.20 

20 54 14.81 

,20 58 11.37 

21 2 7 92 

21 6 4.48 

21 10 1.03 
21 13 57.59 
21 17 54.14 


0.020 21 21 50 70 
0.011 21 25 47.25 
0.012 21 29 43.81 

0 073'21 40 35 

,0 104,21 37 :^0 91 
0 13 1 21 41 33 40 

'o 104 21 45 30.02 
0 193 21 49 20.57 
0 222|21 53 23 13 

The third column shows the K. A. of tlie .sun’s centre iitGrcen- 
rbontm of each day. The fourth coliitiin shows ihe hourly 

change of this quantity (9.815 on Feb. 12). At Greenwich 0 hmi ^ 

T if WasIwngtonT.^ 8'" ( 5 “ 13) 

west of Gieenwich. At Washington mean noon, on the 13th the 

pe aaaea, since the R A. is increasing. The sun’s K A at Waali- 
mgton mean noon is therefore 45"-V.15. A sinfilui- proces? w I 

mlnner thel'^A^'anfl n ™ean noon, in the same 

is known ca?be\und^ 

of Time” gives the quantity to he sub- 
^acted from the Greenwich mean solar time to obtain the Green- 

alsYaik 33m a “jean time on Feb. 13, it was 

Mtoiofthetefi. eideroal time (see the last 
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MOTION OF THE EARTH. 

Akgient Ideas of the Planets. 

It tos observed by the ancients that while the great 
mass of the stars maintained their positions relatively to 
each, other month after month and year after year, there 
were visible to them seven heavenly bodies which changed 
their positions relatively to tlie stars and to each other. 
These they called planets or wandering stars. It was found 
that the seven planets performed a very slow revolution 
around the celestial sphere from west to east, in periods 
ranging from one month in the case of the moon to thirty 
years in that of Saturn, 

The idea of the fixed stars being set in a solid sphere was 
in perfect accord with their diurnal revolution as observed 
by the naked eye. But it was not so with the ifianets. 
The latter, after continued observation, were found to 
move sometimes backward and sometimes forward; and it 
was quite evident that at certain jieriods they were nearer 
the earth than at other periods. These motions were en- 
tirely inconsistent with the theory that they were fixed in 
solid spheres. , , 

These planets (which are visible to the naked eye), 
together with the earth, and a number of other bodies 
which the telescope has made known to us, form a family 
or system by them^elyes, the dimensions of which, although 
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inconceivably gi-eater than any which we have to deal with 
at the sm-face of the earth, ai-c quite insignificant when 
compared with the distance which separates us from the 
fixed stars. The sun being the gi-eat central body of this 
system, it is called the Solwr System. There are eight 
large planets, of which the earth is the third in the order of 
distance from the sun, and these bodies all perform a regular 
revolution around the sun. Mercury, the nearest, perforins 
its revolution in three months; Mytnne, the farthest, in 
164 years. 

ANUTTAI REVOITITIOH OE THE EAEXH. 

To an observer on the earth the sun seems to perforin 
an annual revolution among the stars, a fact winch htis 
been known from early ages. This motion is due to the 
annual revolution of the earth round the sun. 

In Fig. 29 let S represent the suii, ABGD the oi'hit 
of the earth around it, and EFGII the sphere of tho 
fixed stars. This sphere, being supposed infinitely clistaii i , 
must be considered as infinitely larger tlian the circle 
ABOD, Suppose now that 1, 2, 3, 4, 5, G are a nuinhci 
of consecutive positions of the earth in its orbit. The 
IS drawn from the sun to the earth in any given position w 
called the radius-vector of the earth. Suppose this lint* 
extended infinitely so as to meet the celestial sphere in the 
point 1'. It is evident that to an observer on the earth at 
1 the sun will appear projected on the sphere in the diroc.- 
tion of 1'; when the earth reaches 2 it will appear in tht*^ 
direction of 2^, and so on. In other words, as the Ceiri-H 
revolves around the sun, the latter will seem to perfonn u 
revolution among the fixed stars, which are immensely 
more distant than itself. The points 1', 2', etc., can 
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fixed by their relations to the various fixed stars, whose 
places are known. 

It is also evident that the point in which the earth would 
be projected il viewed from the sun is always exactly 
opposite that in which the sun appears as projected from 
the earth. Moreover, if the earth moves more rapidly in 
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some points of its orbit than in others, it is evident that 
the sun will also appear to move more rapidly among the 
stars, and that the two motions must always accurately 
correspond to each, other. 

The radius-yector of the earth in its annual course de- 
SQribes a planej, which in the fi^ire may be represented by 
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that of the paper. This plane continued to infinity in 
eyery direction will cub the celestial sphere in a great cir- 
cle; and it is clear that the snn will always appear to 
move in this circle. The plane and the circle are indiffer- 
ently termed the ecliptic. The plane of the ecliptic is gen- 
erally taken as the fundamental one, to which the positions 
of all the bodies in the solar system are referred. It 
diyides the celestial sphere into two equal parts. In think- 
ing of the celestial motions, it is convenient to conceive of 
this plane as horizontal. Then if we draw a vertical line 
through the sun at right angles to this plane (perpendicular 
to the plane of the paper on which the figure is represent- 
ed), the point at which this line intersects the celestial 
sphere will be the pole of the ecliptic. 

Let us now study the apparent annual revolution of the 
suii produced by the real reyolution of the earth in its orbit. 

When the earth is at 1 in the figure the snn will appear 
to be at 1', near some star, as drawn. Now by the diurnal 
motion of the earth the sun is made to rise, to culminate, 
and to set successively for each meridian on the globe. This 
star being near the sun rises, culminates, and sets with it; 
it is on the meridian of any place at the local noon of that 
l)lace (and is therefore not visible except in a telescope). The 
star on the right-hand side of the figure near the lino 081 
prolonged is nearly opposite to the sun. When the sun is 
rising at any place, that star will be setting; when the sun 
is on the meridian of the place, this star is on the lower 
meridian; when the sun is setting, this star is rising. It 
is about 180° from the sun. Now suppose the earth to 
move to 2. The sun will he seen at 2', near the star there 
marked. 2' is Bast of 1'; the sun appears to move avi07i(j 
the stars (in consequence of the earth’s annual motion) 
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from ^est to east. The star near 2' will rise, culminate, 
set with the sun at eyery place on the eai*th. The star 
near 1' being loest of 2' will rise lefore the sun, culminate 
loefore him, and set before he does. 

If, for example, the star 1' is near the equator when the 
siiTL is 15° east of 1', the star will rise about 1 hour earlier 
tliau the sun. When the sun is 30° east of 1' (at 3', for 
example), the star will rise 2 hours before the sun. When 
the sun is 90° east of 1', the star will rise 6 hours before the 
sun, and so on. That is, when the sun is rising at any 
place, this star will be on the meridian of the place. When 
the sun appears in the line VCS 1 prolonged to the right 
in the figure, the star 1' will be on the meridian at mid- 
night, and is then said to be in opposition to the sun. It 
is 180° from it. When the sun appears to be near the 
star 1' will be about 45° or 3 hours east of the sun. The 
sun yyill rise first to any place on the earth, and the star 
■will rise 3 hours later, say at 9 a.m:. Finally the sun will 
come back to the same star again and they will rise, culmi- 
nate, and set together. 

We know that this cycle is about 365 days in length. 
In this time the sun moves 360°, or about 1° daily.* This 
cycle is perpetually repeated. Its length is a sidereal year; 
that is, the interval of time required for the sun to move in 
tlie sky from one star back to the same star again, or for the 
earth to make one revolution in its orbit among the stars. 

The ancients were familiar with this phenomenon. They 
knew most of the brighter stars by name. The heliacal 
rising of a bright star (its rising with Eelios, the sun) 
marked the beginning of a cycle. At the end of it, seasons 
und crops and the periodical floods of the Nile had repeat- 

• ia twloe Uie suu’s apparent diameter. 
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cd tlicmselvos. It was in this way that the fii-st accurate 
notions o£ the year ai'oso. 

The apparent position of a body as seen from the earth 
is called its geocentric jglace. The apparent position of a 
body as scon from the sun is called its heliocentric place. 

In the last figure, suppose the sun to be at 8, and the 
earth at 4. 4' is the geocentric plaee of the sun, and Q is 
the heliocentric place of the earth. 

The Sun’s Appaeeht Path. 

It ivS ovidout that if the apparent path of the sun lay in 
the equator, it would, during the entire year, rise exactly 
in the east and sot in the west, and would always cross the 
meridian at the same altitude. The days Avonld always he 
twelve hours long, for the same rctison that a star in the 
eciuator is always twelve hours above the horizon and twelve 
hours below it. But we know that this is not the case, the 
sun being sometimes north of the equator and sometimes 
south of it, and therefore it has a motion in declination. 
To understand this motion, suppose that on March 19th, 
the sun hud been observed with a meridian circle and a 
sidereal clock at the moment of transit over the meridian of 
Washington, Its position would have been found to be this: 

Kighi Ascension, 23^‘ 55“ 23® ; Declination, 0° 30' south. 

Had the observation been repeated on the 20th and fol- 
lowing days, the results would have been: 

March 20, R. Ascen. 23^ 69“ 2® ; Dec. 0° 6' South. 

31^ 0^ 2“ 40® ; 0° I*?' ITorth. 

33, « 0^ 6“ 19® ; “ 0° ITorth. 

If we lay these positions down on a chart, we shall find 
th^m to be as in Fig. 30, the centre of the si^n being south 
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'■£ tlie equator in the first two positions, and north of it m 
•Ho last two. Joining the si^ecessiTO positions by a line, we 
ihtxll ha-re a representation of a small portion of the appa- 
:<i wt path of the sun on the celestial sphere, or of the ediptic. 

It is clear from the observations and the figure that tlie 
Kii-n crossed the equator between six and seven o’clock on 
tlxc afternoon of March SOlh, and therefore that the eqna. 
t.or and ecliptic intersect at the point where the sun vras at 
tliat hour. This point is called the vernal eqninox, tlie 
first word indicating the season, while the second expresses 
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should find it to be as in Fig. 31. It Till be seen that Fig. 



30 corresponds to the right- 
hand end of 31, but is on a 
much larger scale. The sun, 
moving along the great circle 
of the ecliptic, will reach its 
greatest northern declination 
about June 21st. This point 
is indicated on the figure as 
90° from the vernal equinox, 
and is called the summer sol- 
stice, The sun’s right ascen- 
sion is then six hours, and its 
declination S3i° north. The 
student should complete the 
figure by drawing the half not 
given here. 

The course of the sun now 
inclines toward the south, and 
it again crosses the equator 
about September 22d at a point 
diametrically opposite the ver- 
nal equinox. All great circles 
intersect each other in two op- 
posite points, and the ecliptic 
and equator intersect at the two 
opposite equinoxes. The equi- 
nox which the sun crosses on 
September 22d is called the 
autumnal equimx. 

During the six months from 
September to March the sun’s 
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saa would shine upon the lower iuncr edge. Thus the time at which 
the sun reached the equinox could bo determined, at least to a frac- 
tion of a day. By the more exact methods of modern times it can 
be determined within less than a minute. 

It will bo seen that this method of determining the annual appar- 
ent course of the sun by its declination or altitude is entirely inde- 
pendent of its relation to the fixed stars; and it could be equally well 
applied if no stars were ever visible. There are, therefore, two en- 
tirely distinct ways of finding when the sun or the earth has completed 
its apparent circuit around the celestial sphere; the one by the transit 
instrument and sidereal clock, which show when the smi returns to 
the sama position among the stars, die other by the measurement of 
altitude, which shows when it returns to the same equinox. By the 
former method, already described, we conclude that it has completed 
an annual circuit when it returns to the same star; by the latter when 
it returns to the same equinox. These two methods will give slightly 
different results for the length of the year, for a reason to be here- 
after described. 

The Zodiac and its Divisions. — The zodiac is a belt in the heavens, 
commonly considered as extending some 8® on each side of the 
ecliptic, and therefore about 16® wide. The planets known to the 
ancients are always seen within this belt. At a very early day the 
zodiac was mapped out into twelve signs known as the signs of the 
zodiac, the names of which have been banded down to the present 
time. Each of these signs was supposed to be the seat of a constella- 
tion after which it was called. Commencing at the vernal equinox, 
the first thirty degrees through which the sun passed, or the region 
among the stars in which it was found during the month following, 
was called the sign Aries, The next thirty degrees was called 
Tamms, The names of all the twelve signs in their proper order, 
with the approximate time of the sun’s entering upon each, arc as 
follows : 


Aries, the Ram, 

March 20. 

Tauncs, the Bull, 

April 20. 

Gemini, the Twins, 

May 20. 

Cancer, the Crab, 

June 21. 

Leo, the Lion, 

July 22. 

Virgo, the Virgin, 

August 22. 

Libra, the Balance, 

September 22. 

Sco7piu8, the Scorpion, 

October 23. 

SagittaHus, the Archer, 

November 23, 

Gapneomus, the Goat, 

December 21. 

Aquanus, the 'Water-bearer, 

January 20. 

Pisces, the Fishes, 

February 19. 
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of these signs coincides roughly with a constellation in the 
heavens: and thus there are twelve constellations called by the 
names of these signs, but the signs and the constellations no longer 
correspond. Although die sun now crosses the equator and enters 
the Jn Aries on the 20Ui of March, he does not reach the conM^ 
Aries until nearly a month later. This arises from the preces- 
sion of the equinoxes, to be explained hereafter. 


OBUfttniT OB THE ECLIPTIC. 


Wo have already stated that when the sun is at the sum- 
mer solstice it is about north of the equator, and when ■ 
at the winter solstice, about south. This shows that 
the ecliptic and equator make an angle of about 33i° with 
each other. This angle is called the obliquity of the eclip- 
tic, and its determination is very simple. It is only neces- 
sary to find by repeated observation the sun’s greatest north 
declination at the summer solstice, and its greatest south 
declination at the winter solstice. Either of these declina- 
tions, which must be equal if the observations are accurate- 
ly made, will give the obliiiuity of the ecliptic. It has been 
continually diminishing from the earliest ages at a rate of 
about half a second a year, or, more exactly, about 47 in 
a century. This diminution is duo to the gravitating 
forces of the planets, and will continue for sevoml thousand 
years to come. It will not, however, go on indefimtoly, 
but the obliquity will only oscillate between comparative y 


narrow limits. ^ 4 .i,„ 

In the preceding paragraphs wo have explained the 

apparent annual circuit of the sun relative to the equator, 
and shown how the seasons are related to this course. ^ In 
ordei- that the student may clearly grasp the entire subject, 
it is necessary to show the relation of these apparent move- 
ments to the actual movement of the earth around t 


auB. 
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To understaud the relation of the equator to the ecliptic, we uttiKt 
remember that the celestial polo and tlie celestial equator hiive renlly 
no reference whatever to the heavens, hut depend solely on thts 
tionof the earth’s axis of rotation.* The polo of the heavens is nf'h 
ing more than that point of the celestial sphere toward which the 
earth’s axis happens to point. If the direction of this axis chanfgcM. the 
position of the celestial pole among the stars will cliange also • 
to an observer on the earth, unconscious of the chan<>-c it would 
seem a.s if the starry sphere moved while the pole remained at rest. 
Again, the celestial equator being merely the great circle in which 
the plane of the earth’s equator, extended out to inUnity in every 
direction, cuts the celestial sphere, any change in the direction of the 
pole of the earth would necessarily change the position of ihe ccjtuitor 
among the stars. Now the positions of the celestial pole ami tht' 
celestial equator among the stars seem to remain unchanged tliroupfli 
out the year. (Tlicre is, indeed, a minute change, hut it dotta uiU 
affect our present reasoning.) This shows that, as the earth revolvca 
around the sun, its axi.s is constantly directed toward ucai'ly >1 m* 
same point of the celestial sphere. 


The Season's. 

The coDclnsions to which we are tluis led respectiii/r f ht* 
real revolution of the earth are shown in Pig. 33. A’ 

represents the sun, with the orMt of thcotirth surronncliuK >»., 
but viewed nearly edgeways sous to be much foreshortoiu’iL 
J B GD are the four cardinal positions of the earth 'wh it’h 
correspond to the cardinal points of the apparent ])atli of Mm> 
sun already described. In each figure of the earth iVA' ih 
the axis, N being its north and 8 its south pole. Si art* 
this axis points in the same direction relative to the 8 tarn 
during an entire year, it follows that the different lines JVA' 
are all parallel. Again, since the equator does not coinci«lo 
with the ecliptic, these lines are not perpendicular to tiro 
ecl^tic, hut are inclined from this perpenditular by 
When the ea rth is at A th e sun’s north-polar distance rtiro 

• Just as the horizon and zenith depend only on the situation ;iu;roi:sor'v«r. ’ 
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angle at tlio centre of the earth at A between the lines to 
the north pole and to the siin) is llIH”; Jit ./i it is 90°; at 
C it is (iCJ°; at D it is jigain 90°, and betwoeii GC-J and 
113^-° tlio north-polar distainjc continually varies. This 
may bo plainer if the student draws the lines 81i, 
HU, HI), and prolongs the linos NS at eaeh position of 
the earth. 

Now the sun shines on only one half of the earth; viz., 
that honiisphoro turned toward him. This hetnisphere is 
left bright in oa'chof the liguros of the earth at.^1, B, C, D. 



Pia. 8S.— 0*nswi o» mone a»ASoim. 


(Jonsidorthe diagmm at A, and remember that the earth 
is turning round so that every observer is esarriod round 
his parallel of latitude every 34 hours. 'The parallels are 
drawn in the cut, and it is plain that a person near N will 
remain in darkness all the 84 hours ; any one in the north- 
em hemisphere is fess than half the time in the light — that 
is, the sun is less than half the time above his horizon— 
and a person in the Bouthorn hemisphere is more than half 
the time in the light. At the equator tire days and nights 
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are always equal. At the south polo it is perpetual <3 
The spectator near the south pole is carried round 
parallel of latitude which is perpetually shined 
This is the winier solstice (midwinter in the noi't^i' 
hetnisphorCj midsuinnier in the southern). 

KToxt suppose the earth at B -. /i is 90° from J ; 

3 months later. The sun’s rays just graze the nortla a 
south 2 )oles; each parallel of latitude is half light and 
dark ; the days and nights are equal. This is the eqx-T-i*^ 
of spring— the vernal equinox. The sun’s north-polax' <3 
tanco is 90°. At (7 we have the summer solstice (sutixri- 
in the northern hemisphere, winter in the soutlioi'J 
Here is perpetual day at the north pole, perpetual nigli t 
the south; long days to all the northern homisphoro, 
nights in the southern. Three months later wo hare t 
autumnal equinoa; at D. 

This change of the seasons depends upon the change 
the sun’s north-polar distance. 

The exact phenomena at each place may be studied. 1 
constructing a diagi-am for the latitude of that place (s 

page 42) and assuming the sun’s north-polar distance 
follows : 

March 21, If.p.D. 90°, Vernal Etpiinox. 

Juno 20, N.P.D. 66|, Summer Solstice. 

September 21, If.P.D. 90, Autumnal Equinox- 
Deoember21, N.P.D. 113i, Winter Solstice. 

Two such diagrams are given in the text-book (page 28 

The student should be able to prove that the sun is alwa's 
in the zenith of some place in the torrid zone. 
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Ceiestial Latitude and Longitude. 

To describe the positions of the sun and planets in space 

we need two new co-ordinates. 

The Celestial Latitude of a star is its angular distance 

north or south of the ecliptic. 

' The Celestial Longitude of a star is its angular distance 
from the vernal equinox measured on the ecliptic from 
west to east. Having the right ascension and declination 
of a body (which can be had by observation), we can com- 
pute its celestial latitude and longitude. Tliese co-ordinates 
are no longer olserved (as they were by the ancients), but 
cloduced from observations of right ascension and declina- 
tion. 



OHAPTEE V, 

THE PLANETARY MOTIONS. 

AIPASENT AND EeAI MOTIONS OP THE PlANITS. 

Defiiiitiong._The solar system comprises a number of’ 
bodies of various orders of magnitude and f 

marks out the ecliptic Ths ^ ^ ^ ® y^hich 

apparent motion of thesA ■ ^^^cury. Tlie 
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in its rays. A few days later it will reappear to the west 
of the sun, and thereafter be yisible in the eastern horizon 
before sunrise. In the case of Mercury the time required 
for one complete oscillation back and forth is about four 
months; and in the case of Venus it is more than a year 
and a half. 

The third class comprises Mars, J%opUei\ and Saiurn^ as 
well as a great number of planets not visible to the naked 
eye. The general or average motion of these planets is 
toward the east, a complete revolution in the celestial 
sphere being performed in times ranging from two years in 
the case of Mars to 164 years in that of Neptune. But, 
instead of moving uniformly forward, they seem to have a 
swinging motion; first, they move forward or toward the 
east through a pretty long arc, then backward or westward 
through a short one, then forward through a longer one, 
etc. It is by the excess of the longer arcs over the shorter 
ones that the circuit of the heavens is made. 

The general motion of the sun, moon, and planets among 
the stars being toward the east, motion in this direction is 
called direct; motions toward the west are called retrograde. 
During the periods between direct and retrograde motion 
the planets will for a short time appear stationary. 

The planets Venus and Mercury are said to be at greatest 
elongation when at their greatest angular distance from the 
sun. The elongation which occurs with the planet east of 
the sun, and therefore visible in the western horizon after 
sunset, is called the ^asterji elongation, the other the west- 
ern one. 

A planet is said to be in conjunction with the sun when 
it is in the same direction as seen from the earth, or when, 
as it seems to pass by the sun, it approaches nearest to it. 
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It is said to bo in opposition to tlie sun when exactly in the 
opposite direction — rising when the sun sots, and vice 
versa."^ If, when a planet is in conjunction, it is between 
the earth and the sun, the conjunction is said to be an 
inferior one; if beyond the sun, it is said to be superior. 



Fig. 83 .— Oubitb op the Flaiosts. 


Arrangements and Motions of the Planets.— The sun is 
the real centre of the solar .system, and the planets proper 
revolwe around it as the centre of motion. The order of 
the five innermost large planets, or the relatire position of 


* A planet is in conjunction with the sun when It has the same 
geocentric longitude; in opposition wbOU tbo longitudes differ 
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their orbits, is shown in Fig. 33. These orbits are all 
nearly, but not exactly, in the same plane. The planets 
Mermiry and Venus which, as seen from the earth, never 
appear to recede very far from the sun, are in reality those 
which revolve inside the orbit of the earth. The planets 
of the third class, which perform their circuits at all dis- 
tances from the sun, are what we call the superior planets, 
and are more distant from the sun than the earth is. Of 
these the orbits of Mars, Jupiter, and a swarm of telescopic 
planets are shown in the figure; next outside of Jupiter 
comes Saturn, the farthest planet readily visible to the 
naked eye, and then Uranus and Neptune, telescopic plan- 
ets. On the scale of Fig. 33 the orbit of Neptune would 
be more than two feet in diameter. Finally, the moon is 
a small planet revolving around the earth as its centre, and 
carried with the latter as it moves around tho sun. 

Inferior planets are those whoso orbits lie inside that of 
the earth, as Mercury and Venus, 

Superior planets are those whose orbits lie outside that 
of the earth, as Mars, Jupiter, Saturn, etc. 

The farther a planet is situated from the sun tho slower 
is its orbital motion. Therefore, as wo go from tho sun, 
the periods of revolution are longer, for tho double reason 
that the planet has a larger orbit to describe and moves 
more slowly in its orbit. It is to this slower motion of the 
outer planets that the occasional apparent retrograde mo- 
tion of the planets is duo, as may be seen by studying Fig. 
34. The apparent position of a planet, as seen from the 
earth, is determined by the line joining tho earth and 
planet. Supposing this line to bo continued so as to inter- 
sect the celestial sphere, the apparent motion of the planet 
will be defined by the motion of the point in which the line 
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intersects the sphere. If this motion is toward the east, it 
is direct ; if toward the west, retrograde. 

The Apparent Motion of a Superior Planet.— In the figure 
let 8 he the sun, ABGDEF the orbit of the earth, and 
HIKLMN the orbit of a superior planet, as Mar$. 
When the earth is at A suppose Mars to be at H, and let 
5 and J, and E, D and L, E and M, F and N be corre- 
sponding positions. As the earth moves faster than Mars 
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the arcs AB, BO, etc., correspond to greater angles at the 
centre than HI, IK, etc. 

When the earth is at A, Mars will be seen on the celestial 
sphere at the apparent position 0. When the earth is at 
B, Mars will be seen at P. As the earth describes AB, 
Mars will appear to describe OP moying in the same direc- 
tion as the earth’s orbital motion; f.e., direct. When the 
earth is at G, Mars is at K (in opposition to the sun), and. 
its motion is retrograde along the small arc beyond QP in, 
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th.e figure. "Wlien the earth reaches D the planet has fin- 
ished its retrograde arc. As the earth moTes from I) to E 
the planet moves from L to M, and the lines joining earth 
and planet are parallel and correspond to a fixed position 
on the celestial sphere. The planet is at a station. As the 
earth mores from Eta F the apparent motion of Mars is 
direct from Q to R i and in the same ■way the apparent 
motion of any outer planet can be determined by drawing 
its orbit outside of the earth’s orbit ABODE J^and laying 
off on this orbit positions which correspond to the points 
ABODE F and joining the corresponding positions. It 
will be found that all outer planets have a retrograde mo- 
tion at opposition, etc. 

The Apparent Motion of an Inferior Planet To deter- 

mine the corresponding phenomena for an inferior planet 
the same figure maybe used. Suppose EIKLMta be 
the orbit of the sarth, and AB OD EFtSoo orbit of Mer- 
cury, and suppose E and A, I and B, etc., to be corre- 
sponding positions. Suppose E A to be tangent to Mer- 
ourifs orbit. The angle A ES is the elongation of Mer- 
cury, and it is the greatest elongation it can ever have. 

Let the student construct the apparent positions of Mer- 
cury as seen from the earth from the data given in the 
figure. From the apparent positions he can determine the 
apparent motions. As Mercury moves from A B its ap- 
parent motion is direct. On both sides of the infei’ior con- 
junction 0 its motion is retrograde. From D to E it is 
stationary. Also let him construct the apparent positions 
of the sun at different times by drawing the linos ES, IS, 
E S, etc., towards the right. The angles between the ap- 
parent positions of Mercury and the sun will be the elonga- 
tions of Mercury at various times. 
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Theory of Epicycles, — (Jomplicated as the apparent motions of the 
planets were, it was seen by the ancient astronomers that they could 
be rtiprcHCUted by a combination of two motions. First, a small circle 
or epicycle was 8upp(>scd to move (iTotind the earth (not the sun) 
with a regular, though not uniform, forward motion, and then the 
planet w»i8 supponed to move around the circumference of this circle. 
Tlio relation of this theory to the true one was this: The regular 
forward motion of the epicycle represents the real motion of the 
plama around the sun, while the motion of the planet around the 
circumference of the epicycle is an apparent one arising from the 

revolution of the earth around the 
sun. To explain this we musi under- 
stand some of the laws of relative mo- 
tion. 

It is familiarly known that if an 
observer in unconscious motion looks 
upon an object at rest, the object will 
appear to him to move in a direction 
opposite that in whicli he moves. As 
a result of this law, if the observer is 
uncomciously describing a circle, an 
object at rest will appear to him to 
describe a circle of otpuvl si/.c. This 
is shown by the following figure. Let 
6' represent the sun, ami AliODUlI^^ 
the orbit of the earth. Let us sup- 
pose the observer on the earth carried 
around in this orbit, but imagining 
himself at rest at B, llic centre of mo- 
tion. Sui>pose he keeps observing the 
direction and distance of the planet i*, 
which for the present we suppose to 
bo at rest, since it is only the relative 
motion that we shall have to consider. 

' ‘ When the observer is A bo really 

AMM tbeolanet In adirocUou and distance A P, but imagining bimsolf 

at She tSnka he eeee the planet at the point a KTthe 

a lino S» narallol and equal to A P. As he passes from ^ to B tne 

planet will seem to him to move in the 

6, the point b being determined by drawing 8 b ^ 

^ BP As he recedes from the planet through tlio arc BOJ) ,^ 
Sanol^me to recede from liim through bed; and while he movee 
trow loft to right through DM the planet seems to move from right 
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to left through de. Finally, as he approaches the planet through 
the arc E FA the planet seems to approach him through and 
■when he returns to A the planet will appear at a, as in the begin- 
ning. Thus the planet, though really at rest, would seem to him to 
move over the circle abode/ corresponding to that in which the 
observer himself was carried around the sun. 

The planet being really in motion, it is evident that the combined 
effect of the real motion of the planet and the apparent motion 
around the circle abedef will be represented by carrying the centre 
of this circle P along the true orbit of the planet. The motion of 
the earth being more rapid than that of an outer planet, it follows 
that the apparent motion of the planet through a h is more rapid 
than the real motion of P along the orbit. Hencci in this part of the 
orbit the movement of the planet will be retrograde. In every other 
part it will be direct, because the progressive motion of Pwill at 
least overcome, sometimes be added to, the apparent motion around 
the circle. 

In the ancient astronomy the apparent small circle abcde/wtiQ 
called the epicycle. 

In the case of the inner planets Merewy and Venvs the relation of 
the epicycle to the true orbit is reversed. Here the cpicyclio motion 
is that of the planet round its real orbit; that is, the true orbit of the 
planet around the sun was itself taken for the epicycle, while the 
forward motion was really due to the apparent revolution of tlm sun 
produced by the annual motion of the earth. 

In Fig. 29 the sun would successively appear to ho at 1', 2', 3', 4', 
6', and at each of these points the inferior planet would really revolve 
about X', 3', 4', 6'. 

Although the observations of two thousand years ago 
could be tolerably well explained by theso epicycles, yet 
with every increase of accuracy in observation now compli- 
cations had to be introduced, until at the time of Ooi^im- 
laous ( 1542 ) the confusion was very groat. 

The Copemican System of the World.— OopUR^srioirs re- 
vived a belief taught by some of the ancients that the sun 
was the centre of the system, and that the earth and plan- 
ets moved about him in circular orbits. While this was a 
step, and a great step, forward, purely circular orbits for 
the planets would not explain all the facts. 
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From the time of Ooperwious (1642) till that of Kbp- 
LEU and Galileo (1600 to 1630) the whole question of the 
true system of the universe was in debate. _ The circu ai 
orbits introduced by Copernicus also required a complex 
system of epicycles to account for some of the observed 
Itions of the planets, and with every increase in accuracy 
of observation new devices had to be introcliiced into th. 
system to account for the new phenomena observed. In 

short the system of Copebnioos accounted for so many 
fits ’(as the stations and retrogradations of plane^ 
that it could not be rejected, and had so many di&culties 
that without modidcation it could not bo accepted. 


KEPLER’S LAWS OP PlANEPABT MOTION- 
Kepler and Galileo.— Kepler (born 1671, d. 1630) was 
a genius of the first order. Ho had a thorough acquaint- 
ance with the old systems of astronomy and a thorough be- 
lief in the essential accuracy of the Oopernican system, 
,rhose fundamental theorem was that the sun and not the 
earth was the centre of our system. Ho lived at the same 
time with Galileo, who was the first person to observe the 
heavenly bodies with a telescope of his own invention, and 
he had the benefit of accurate observations of the planets 
made by Ttcho Brahe. The opportunity for doteimin- 
ing the true laws of the motions of the planets existed then 
as it never had before; and fortunately ho was able, 
through labors of which it is difficult to form an idea to- 
day, to reach a true solution. 

The Periodic Time of a Planet.— The time of revolution 
of a planet in its orbit round the sun (its periodic time) 
can be learned by continuous observations of the 'planet’s 
course among the stars. 
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From ancient times the geocentric positions of the 
planets had been observed. These positions were referred 
to the places of the brightest fixed stars, and the relative 
places of these stars had been fixed with a tolerable ac- 
curacy. The time required for a planet to move from one 
star to the same star again was the time of revolution of 
the planet referred to the earth. 

The real motion of the earth was known from observa- 
tion? of the apparent motion of the sun. By calculation 
it was possible to refer the motions us observed (i.e., with 
reference to the earth) to the real motions {i.e., those about 
the sun). 

It was thus found that the periodic times of the known 
planets were: 

For Merouiy iihout 88 days. For Mars about 687 days. 

Venus 325 “ Jupiter “ 4,333 “ 

EartJi, “ 365 “ Saturn “ 10,769 “ 

Those values were known to the predecessors of Coper- 
KICUS. Ho also showed (what is evident when wo examine 
Fig. 34) that to an observer on the sun the motions of 
the planets would bo always direct, and that no stations or 
ret rof/raUat ions of the planets would bo seen from the sun. 

We may determine the relative distances of a planet and 
the sun from each other by the method illustrated in Fig. 
36. 8 is the sun, E the earth, and M the planet when the 

planet is in opposition to the sun. The time at which the 
planet is in opposition is known by noting the date when it 
is on the meridian at midnight. After a certain period, 
say one hundred days, the planet will have moved to Jf' 
and the earth to E\ Since wo know the periodic times 
of the earth and planet, we can calculate the angles M' 8 M 
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and JE' S E which the planet and earth will move oyer in 
any interral. 

At this date we can observe the angle M' E' S, which is 
the angular distance between the sun and planet. (This 
is called the planet’s elongation.) 

In the triangle M S W vie shall know the angle at E\ 
by observation, the angle at 8, since it is the difference 
between the known angles E 8 E' and M 8 M', and hence 
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tlie angle at iP. Therefore a triangle can be constructed 
which has the' same shape W 8 E\ and the relative 
length of 8 and 8 thus becomes known. 

Nothing is known from this calculation of the absolute 
values oi 8 E or 8 Mm miles, but observations of this sort 
on all the planets give their relative distances from the 
sun. If we call 8 E the astronomical unity it was known 
to the ancients that 
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For Mercury ax = 0.3871 
Venus = 0.7233 
Earth a-i = 1.0000 
Mars «4 = 1.5237 
Jupiter = 5.2028 
Saturn = 0.5388 

The calculation which wo have described could bo made 
for every position of each planet, and thus its distances from 
the sun at every point of its orbit could be determined* 

The radius-vector of a planet is the line zvhicli joi^is it to 
the sun. 

The relative lengths of the rad ii-voc tores of each planet 
at any time were thus found by obseiwation, in tei’ms of 
the earth’s I’adius- vector = 1. 



Suppose 8 to bo the sun, and draw lines SP^ S 8 P,, 
etc., to the heliocentric positions of a planet at dif- 
ferent times. On these lines lay oil distances /JP,, 

8 P^y etc., proportional to the lengths of the planet's radii- 
vectores determined as above. Join the points P, P^, P„ 
Pj, etc. The lino joining those is a visible representation 
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of the shape of the planet’s orhit, drawn to scale. This 
shape is not that of a circle, but it is an ellipse, and the 
Bun, S, is not at the centre but at a/ocws of the ellipse. 

An ellipse is a curve such that the sum of the distances 
of every point of the curve from twofiosed points {the foci) 
is Of coustcLut quoTitity^ 
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Tlio Ellipse.-^ D (7 P is an ellipse ; 8 and & are ttie foci. By the 

doflnitioii of an ellipse ^ jT. o 

point. 3 is the focus occupied by the sun, “ the filled ^ . 

is the Uast dUtance of the planet from the sun, its pmlultm 
and A is thoj)s«-Mfon, Hurt point nearest the sun. 
the point farthest from the sun. 8 A, hD, 80 , 8B, 8Pae^ii 
veotorea at different parts of the orbit. .4 C is the major axis 
of the orbit = 2«. This major axis of the orbit is twice the mem 
distance of the planet from the sun. a. BD is the m nor ari^ 
The ratio of 05 to 0^1 is the eceentnedy of the ellipse. Byjhe 
definition of the ellipse, again, B 8 -\-B8 = AO; va^BS—BS- . 

Jo‘ + ^.or05= Va*-6* and the eccentricity of the 

... .08 VaHTy 

elMpsels^*-^ 


Kepler’s Laws. — ^By computations based on the observa- 
tions of ilfars made by Tvoiio Beahb, Kbplbb deduced 
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his first two lawsof motion in the Holar system. The first 
law of Kkplhh is— 

/. Jilach j)l(inr/ morrs around t/ie ,^Hn in an ellipse^ hav- 
ing the sun at omt of ifs fon\ To oiMlersiand L:uv 1 1 ; 

fc5upj)ose the planet to he at the points l\ !\^ /*,, I\f 

eta, at the times 7\ 7\. 7\^ 7^^, (tie, (Kip;, 37), 

Suppose the times 7\‘ 7\ 7;- 7;, 7\ 7\ to Ix^ (‘((uah 

KKi*LKHoomput(xl tint areas ()f the surfaees /* A' /*,, I\ S 
/\ iVPj iiml found that thes(» areas wen^ (Mpuil also, ami 
that this was true foremdi planet. The second law of Ki-m- 

IjKR IS— ' 

//, 77ie radiuH-verfor of each planet deserihes equal areas 
in equal times. 


Those two laws are tnus for each planet moving in its 
own ellipse about the sum 

l\>r a long time KKCLKit sought for some law which 
should connect the motion of one planet in its tdlijwo with 
the motion of another planet in its tdlipse. Kinally ho 
found such a ndation between the nunui diHtanc'.eH of the 
dilToront planets (sec tabUfi on page 107} and tludr periodic 
times (hoc table on p. lOr?), 

Ilis third law is: 

Ilf. 71ie squares of the peruuUe times of the planets are 
proportional to the eahes (f their mean distances from (he 
sun. 

That is, if 7\, 7',, eta, are the periodic times of the 
difleront planets whoso mcMUH disiancos are a^^ eto.> 
then 


77 : '/;• 

7;* : 7;» 
etc- 


a; : rV; 

a,^ : 


0t<3, 
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If T, and a, are the periodic time and the mean distance 
of the earth, and if T, (= 1 year) is taken as the unit of 
time and a, as the unit of distance, then we shall have 


r.’ : 1 = a.’ : 1 or 
r,* : 1 = a‘ : 1 or 


rp 2 
g 


T 

1 or -^ = 1; 


and so on. 

The data which Kbplbb had were not quite so accurate 
as those which we have given, and the table below shows 
the very figures on which Keplbb’s conclusion was based: 


Planet. 
Mereui^y, 
Venus . . 
Earth , . . 
Mars , . . 
JujrU&i' , 
Saturn . 



T 

T^a!^ 

0.2878 

0.2408 years 

1.013 

0.6104 

0.6151 

1.008 

1.0000 

1.0000 

1.000 

1.8740 

1.8810 

1.004 

11.914 

11.8764 

0.996 

28.058 

29.4606 

1.060 


Although the numbers in the third column were not 
strictly the same, their differences were no greater than 
might easily have been produced by the errors of the obser- 
vations which Kbplbe used; and on the evidence hero 
given he advanced his third law. The order of discovery 
of the true theory of the solar system was, then — 

I. To prove that the earth moved in space; 

11. To prove that the centre of this motion was the sun; 

III. To establish the three laws of Kbplbe, which gave 
the circumstances of this motion. 


By "-Mno of the first two laws of Kbpi-bb the motions of each 
planet in its own ellipse became known; that is, the position of the 
planet at any future time could be predicted. For example, if the 
planet was at P at a time 7, and the question was as to its place at a 
subsequent time T, this could be solved by computing, first, how 
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laitp* iJ**‘** nhnJ fiy l!to jatlitjH vn'tor in tha inU)rval 

7^ '/‘; ntul wim! Ui»‘ ftimU* at N lh<* having thin 

an*H 1«' riit n ilrauing II liiir through S making thin angle 

with tiio lim* >*/*!*my SPs, ami laying ott (lu* longtli t*f the riuiluH- 
Vf’iUftj S thr jiMj^uion of tin* hiaaum* known. 

f'voin ih*' thinl law I ho vulurn of tin* nufun (iintancca 

u*. ♦ l«* ili h rmitmil with grout anti iiunviwing ac- 


*’«irikr\ . 


Kiitm th** v<ju;iii'‘n 


T 

'M 


t, u roiihi l«* ih'torminotl ho soon an Twuh 


Known k iovohni»tu of tin* platu t '/’honimo known more 

noouratolv , a »lal al-o u 

*1 ho t' hikk‘*Jij«’ fl»r ^♦molJllionH of our |>ro**o?jt tlioory of the uolur 
^\s!4'la. 'I'Im i \u*io h on oh^oivaUou |mro nml Himjile. VVomuy 
until tpaio a hulo lo *.a> tlmt Ihuw’ Iuwh lm\o Uuai <'onii>uml with 
Iho iuohI {0101)0 ohrtonahoUH wo inn tuitko nt fin* proMUit tinio, luul 
<lsHon ‘NO»l 10 all thoif I MnHO^{uo^loo^ liy proto^H-H unknown In Kki»- 
%A'M, mni that tin > an* «inoity trim if wi* muko tho following modltl- 


nntiuu^, 

If tlior*’ woio only ouo pluimr rovolvlng alioul llm «un, then it 
%\»uihi ro^oUo in n i« ifooi ollipHo. immI oIm'v tin* Hoeotui law exactly, 
tu u H>Mom ( MtotMoail of tlio anil ami moro than one planet each 
idniioi di'*tmhH tho nioihm of ovory other Hiluhlly, hy aUraetlng It 
fiiitn \\w oilili whii'li it w«nihl oiherwlM^ follow. 

Tlni'* iM'ithrr tlio hi4 m»r iho aofomi law eaii hi» prerincly true of 
luiy plunol. although tlir> aro vory nearly w». In thr winn? way tho 
tohUoiu hotwrt n tho orhiu nf any ivni pluiiotH iih oxprt'wicd In tho 
Ihini law iini piviinr-, altlMiiigh It u voiy oIoho iipproxinniUon. 

EUmenU of a riaaif^i OrMt, Whon wo kmtw u nml h for any orbit, 
tlio ahat^* atul ni/u iif tito oihit in known. 

Knowing <i wi’ nKo know 7* tho {MTlmlio litiH*; In facdu in found 
froHi 7 hy Kkiu.kh'h law 111, 

If wo know tho {ft»not% ooloialnl longitude (/dal a given ciKYch, 
hfiy nonuniM'r iUhI, tain, wo Imfc all the fhmrnti^ mujcawiry for 
ihtfUng tho {iliK'o of Urn plaiiot fii it» ifrif4t at any time, an Itaa baou 
oaidaiuod (page II Ok 

^riio ortdi lion III a rorlalfi plane i ihla plana Inlcrnccta the piano of 
iho ooliptio nl a oerialii angle, which wc mil the infUnnti^n I Know- 
ing tho plttito of tho plaitot'a orbit l» fixed. The piano of tho 
i»rliit lnh*r»*ooi»i the fdatic of itiDorlipth? in a lino. Uw Hpis rfth 0 iMd 6 it 
Half of the plrtnri‘i orldt llm Inflow (xouUi of) tlio plane of Uie 
<TUplic and half aimvo, Am tho planoi moviw In lt« orbit It must 
through the plafto of Uio oclliuir twice for every revolution, 
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The TJoint where it passes through the ecliptic going from the south 
1 It to the north half of its orbit is the aioending node; the point 
there it passes through the ecliptic going from north to south is 
The descewling node of the planet’s orbit. If we have only the in- 
iriven, the orbit of the planet may lie anywhere m the plane 
those angle with the ecliptic is i. If we fix the place of the nodes, 
Tr of one of them, the orbit is thus fixed in its plane. This we do 
bv giving the (celestial) longitude of the ascending node £1. 

“mw everything is known except the relation of the planets orbit 
to the sun. This is fixed by tlie longitude of Sie perihaion, or P. 

Thus the sZewfint* of **■ , , ^.v i ♦«= 

J the inaimtion to the ecliptic, which fixes the plane of the planet s 

°'’n‘\hc longif'tdo of tJie node, which fixes the position of the line of 
of the orbit aixd the ecliptic; ^ ^ 

P^he longUicde of the pc^ulion, which fixes the position of the 
major axis of the planet’s orbit with relation to the sun, and hence 

tlte mean distance and eccenlnoitg of the orbit, which fix 
the longitude at epoch, 

the Xacolf the planet in its orbit, and hence in space, to be fixed at 
accuracy with which tliese positions can be observed. 



CHAPTER VI. 


UNIVERSAL GRAVITATION. 

Newton’S Laws of Motion 

The csiablislinienfc of the theory of universal gravitation 
furnishes one of the best examples of scientific method 
which is to be found. Wo shall describe its leading features, 
less for the purpose of making known to the reader the 
technical nature of the process than for illustrating the 
true theory of scientific investigation, and showing that such 
investigation has for its object the discovery of what we 
may call generalized facts. The real test of progress is 
found in our constantly increased ability to foresee either 
the course of nature or tlio effects of any accidental or arti- 
ficial combination of causes. So long as prediction is not 
possible, the desires of the investigator remain unsatisfied. 
When certainty of prediction is once attained, and the 
laws on which the prediction is founded are stated in their 
simplest form, the work of science is complete. 

To the pre-Newtonian astronomers the phenomena of 
the geometrical laws of planetary motion, which we have 
just described, formed a group of facts having no connection 
with anything on the earth’s surface. The epicycles of 
Hipfarohus and PronEMY were a tmly scientific concep- 
tion, in that they explained the seemingly erratic motions 
of the planets by a single simple law. In the heliocentric 
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theory of Cophknious this law was still further simplified 
by dispensing in great part with the oi.icyclc, and replacing 
the latter by a molion of the earth around the sun, of the 
same nature with the motions of the planets. But OOPBU- 
N1C08 had no way of accounting for, or even of describing 
with rigorous accuracy, the small deviations in the motions 
of the planets around the sun. in this resiiect ho made no 
real advance upon the ideas of the ancients. 

Keplbb, in his discoveries, made a great advance in rep- 
resenting the motions of all the planets by a single sot of 
simple and easily understood geometrical laws. Had the 
planets followed his laws exacdly, the theory of planetary 
motion would have been substantially complete, btill, 
further progress was desired for two reasons. In the lust 
place tholawsofKBPPBH di'l not perfectly represent all 
the planetary motions. When observations of the greatest 
iKjcumcy were made, it was found that the planets deviated 
by small amounts from the ellipstiof Keppbu. Somesmall 
omeiidatioiis to the motions ({oiuputcd on the elliptic theory 
were therefore necessary. Had this re(iuiroment been ful- 
filled still another slop would have been desirable; namely, 
that of couneoting tim motions of the planets with motions 
upon the earth, and reducing iiiem to the same laws. 

Notwithstauding the great sto]) which Ki! 1 *pk« made in 
describing the celestial motions, he unveiled none of tho 
great mystoryin which they were enshrouded. When Kkp- 
lER said that observation showed tho law of planetary mo- 
tion to be that around tho oireumforonoe of an ellipse, as 
asserted in his law, he said all that it seemed possihlo to 
learn, supposing tho statomont porfootly exact. And it 
was all that could ho leavnod from tho mere study of the 
planetary motions. In order to connect those motions with 
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those on the earth, the next step was to study the laws of 
force and motion here around us. Singular though it may 
appear, the ideas of the ancients on this subject were far 
more erroneous than their conceptions of the motions of 
the planets. We might almost say that before the time of 
Galileo scarcely a single correct idea of the laws of motion 
was generally entertained by men of learning. Among 
those who, before the time of NEWTOiq’, prepared the way 
for the theory in question, Galileo, Huyghens, and 
Hooke are entitled to especial mention. The general laws 
of motion laid down by Newtok were three in number. 

Law First: Every body preserves its state of rest or of 
uniform motion in a right hue, unless it is compelled to 
change that state by forces impressed thereon. 


It was formerly supposed that a body acted on by no force tended 
to come to rest. Here lay one of the greatest difficulties which the 
predecessors of Newton found, in accounting for the motion of the 
planets. The idea that the sun in some way caused these motions 
was entertained from the earliest times. Even Ptolemy had a vague 
idea of a force which was always directed toward the centre of the 
earth, or, which was to him the same thing, toward the centre of the 
universe, and which not only caused heavy bodies to fall, but bound 
the whole universe together. Keplek, again, distinctly affirms the 
existence of a gravitating force hy which the sun acts on the planets; 
but ho supposed that the sun must also exercise an impulsive forward 
force to keep the planets in motion. The reason of this incorrect 
idea was, of course, that all bodies in motion on the surface of the 
earth had practically come to rest. But what was not clearly seen 
before the time of Newton, or at least before Galileo, wag that 
this arose from the inevitable resisting forces which act upon all 
moving bodies upon the earth. 


Law Second: The alteration of motion is ever propor- 
tional to the moving force impressed^ and is made in the 
direction of the right line in which that force acts. 



116 


ASTRONOMY, 


The first law might be considered as a particular case of this sec- 
ond one which arises when the force is supposed to vanish. The ac- 
curacy of both laws can be proved only by very carefully conducted 
experiments. They are now considered as conclusively proved. 

Law Third: To every action there is ahoays opposed an 
equal reaction j or the mutual actions of two bodies upon 
each other are ahoays equal, and in opposite directions. 

That is, if a body A acts in any way upon a body B, B will exert 
a force exactly equal on A in the opposite direction. 

These laws once established, it became possible to calculate the mo- 
tion of any body or system of bodies when once the forces which act 
on them were known, and, uce versa, to define what forces were re- 
quisite to produce any given motion. The question which presented 
itself to the mind of Newton and his contemporaries was this : Utider 
what law of force will lilanets move round the sun in accordance with 
Kepler’s laws f 

Supposing a body to move around in a circle, and putting Jl the 
radius of the circle, T the period of revolution, Huyghens had shown 
that the centrifugal force of the body, or, which is the stunc thing, 
the attractive force toward the centre which would keep it in the 
R 

circle, was proportional to But by Kepler’s third law T® is pro- 

portional to JR®. Therefore this centripetal force is proportional to 
R 1 

that is, to Thus it followed immediately from Kki'LEH’s 

third law that the central force which would keep the planets in their 
orbits was inver&ely as the square of the distance from the sun, sup- 
posing each orbit to be circular. The first law of motion once com- 
pletely understood, it was evident that the planet needed no force 
impelling it forward to keep up its motion, but that, once started, it 
would keep on forever. 

The next step was to solve the problem, What law of force will 
make a planet describe an ellipse around the sun, having the latter 
in one of its foci? Or, supposing a planet to move round the sun, 
the latter attracting it with a force inversely as the square of the dis- 
tance; what will be the form of the orbit of the planet if it is not cir- 
cular? A solution of either of these problems was beyond the power 
of mathematicians before the time of Newton; and it thus remained 
uncertain whether the planets moving under the influence of the 
sqn’s gravitation would or would not describe ellipses. Unable, at 
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first, to reach a satisfactory solution, ITewton attacked the problem 
in another direction, starting from the gravitation, not of the sun, 
but of the earth, as explained in the following section. 


Obatitatiok in the Heavens. 

The reader is probably familiar with the story of New- 
TOK and the falling apple. Although it has no authorita- 
tive foundation, ifc is strikingly illustrative of the method 
by which Newton must have reached a solution of the 
problem. The course of reasoning by which he ascended 
from gravitation on the earth to the celestial motions was as 
follows : 'W e see that there is a force acting all over the earth 
by which all bodies are drawn toward its centre. This 
force is called gravitation. It extends without sensible 
diminution to the tops not only of the highest buildings, 
but of the highest mountains. How much higher does it 
extend? Why should it not extend to the moon? If it 
docs, the moon would tend to drop toward the eai*th, just 
as a stone thrown from the hand drops. As the moon 
moves round the earth in her monthly course, there must 
be some force drawing her toward the earth; else, by the 
first law of motion, she would fly entirely away in a straight 
line. Why should not the force which makes the apple 
fall bo the same force which keeps her in her orbit? To 
answer this question, it was not only necessary to calculate 
the intensity of the force which would keep the moon her- 
self in her orbit, but to compare it with the intensity of 
gravity at the earth’s surface. It had long been known 
that the distance of the moon was about sixty radii of the 
earth, from measures of her parallax (see page 67). If 
this force diminished as the inverse square of the distance, 
then at the moon it would be only as great as at the 
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surface of the earth. On the earth a body falls sixteen feet 
in a second. If, then, the theory of gravitation wro iK^r- 
rect, the moon ought to fall towards the earth 
amount, or about of an inch in a second. moon 

being in motion, if we imagine it moving in a straight liui^ 
at the beginning of any second, it ought to l)0 drawn away 
from that line of an inch at the end of the second. 
When the calculation was made it was found to agree ex- 
actly with this result of theory. Thus it was shown that 
the force which holds the moon in her oi’hit is the same 
force that makes the stone fall, diminished as the inverse 
square of the distance from the centre of tlic earth. 

It thus appeared that central forces, both toward the sun 
and toward the earth, varied inversely as the squares of tlic 
distances. Kepler’s second law showed that the lino drawn 
from the planet to the sun would describe 0 (iual areas in 
equal times. Newton showed that this could not be true 
unless the force which held the planet was directed toward 
the sun. We have already stated that the third law sliowcd 
that the force was invei’sely as the square of the disianee, 
and thus agreed exactly with the theory of gravitation. J t 
only remained to consider the results of the first law, that 
of the elliptic motion. After long and laborious efforts, 
Newton was enaoled to demonstrate rigorously that this 
law also resulted from the law of the inverse square, and 
could result from no other. Thus all mystery disappeared 
from the celestial motions; and planets were shown to bo 
simply heavy bodies moving according to the same laws that 
were acting here around us, only under very different cir- 
cumstances. All three 0/ Kepler’S laws were miraced in 
the single law of gravitation toward the sun. Tho sun at- 
tracts the planets as the earth attracts bodies here around us. 
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Kutual Action of tli© Planets.— By Newton’s third law of motion, 
each planet must attract the sun with a force equal to that which the 
sun exerts upon the planet. The moon also must attract the earth 
as much as the earth attracts the moon. Such being the case, it 
must be highly probable that the planets attract each other. If so, 
Kepler’s laws can only be an approximation to the truth. The sun, 
being immensely more massive than any of the planets, overpowers 
their attraction upon each other, and makes the law of elliptic mo- 
tion very nearly true. But still the comparatively small atti’action 
of the planets must cause some deviations. Now, deviations from 
the pure elliptic motion were known to exist in the case of several of 
the planets, notably in that of the moon, which, if gravitation were 
universal, must move under the influence of the combined attraction 
of the earth and of the sun. Newton, therefore, attacked the com- 
plicated problem of the determination of the motion of the moon 
under the combined action of these two forces. He showed in a 
general way that its deviations would be of the same nature as those 
shown by observation. But the complete solution of the problem, 
which required the answer to be expressed in numbers, was beyond 
his power. 

Gravitation Besides in each. Particle of Matter. — Still 
another question arose. Were these mutually attractive 
.forces resident in the centres of the several bodies attracted, 
or in each particle of the matter composing them? New- 
ton showed that the latter must be the case, because the 
smallest bodies, as well as the largest, tended to fall toward 
the earth, thus showing an equal gravitation in every sepa- 
rate part. It was also shown by Newton that if a planet 
were on the surface of the earth or outside of it, it would 
be attracted with the same force as if the whole mass 
of the earth were concentrated in its centre. Putting 
together the various results thus arrived at, Newton 
was able to formulate his great law of universal gravita- 
tion in these comprehensive words: Every particle of. 
matter in the universe attracts every other particle with 
a force directly as the masses of the two particles^ and 
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inversely as the square of the (Ustuncr lohirh st'/uirii/is 
them,” 

To show the nature of the attroctivo forces lunon^ these viiiiitim 
particles, let us represent by m, and »«' the iuiihsch of 1 w«t lUlnii iuti- 
bodies. We may conceive tlio body m to be eoinposeil of ;« i<:ii 
tides, and the other body to be composed of vt! piiriiele.s. I,ei n-i 
conceive that each particle of one body attraetts each particle of the 

other with a force i. Then every particle of m will be uttmcli tl liy 

each of the w' particles of thootlior, and therefore the total atiraetue 

force on each of them particles will bo "y. Kach i>f tlie «< i.aiti.l.,-, 

being equally subject to this attraction, the total attractive force be. 

tween the two bodies will be When a given force acts ii|>oii 

a body, it will produce less motion tlie larger the boiiy is. ilie a.vrt 
force being proportional to the total attracting force .livid- .1 
by the mass of the body moved. Therefore the nccdernlitn-' f..i.e 
which acta on the body w', and which determines Ihc nmuunt of 

motion, will be and conversely the aooelcnitlng force iietiiig on 
the body m will be represented by the fraction ~ 


Beuabes on the Theoet oe Geatitation. 

The real nature of the great discovery of JiIewton is «o 
frequently misunderstood that a little attention nmy 1 h* 
given to Its elucidation. Gravitation is frequently sttoken 

i ^ JfEWTON’s, and very goncmliy 

mved by astronomers, but still liable to be ultimalclv 
rejected m a great many other theories have been. Not 
infrequently people of greater or less intelligence are f«un.l 
making g^^at efforts to prove it erroneous J^fEwC iid 
- t discover any new force, but only showed that flm 

“fr >“"»• t. -^coLted . 
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weight, heayiness) is the force which makes all bodies 
here at the surface of the earth tend to fall downward; 
and if any one wishes to subvert the theory of gravitation, 
he must begin by proving that this force does not exist. 
This no one would think of doing. What did 

was to show that this force, which, before his time, had 
been recognized only as acting on the surface of the earth, 
really extended to the heavens, and that it resided not only 
in the earth itself, but in the heavenly bodies also, and in 
each particle of matter, however situated. To put the 
matter in a terse form, what Newtok discovered was not 
gravitation, but the universality of gravitation. 

It may be inquired, is the induction which supposes 
gravitation universal so complete as to be entirely beyond 
doubt? We reply that within the solar system it certainly 
is. The laws of motion as established by observation and 
experiment at the surface of the earth must be considered 
as mathematically certain. It is an observed fact that the 
planets in their motions deviate from straight lines in a 
certain way. By the first law of motion, such deviation 
can be produced only by a force; and the direction and 
intensity of this force admit of being calculated once that 
the motion is determined. When thus calculated, it is 
found to be exactly represented by one great force con- 
stantly directed toward the sun, and smaller subsidiary 
forces directed toward the several planets. Therefore no 
fact in nature is more firmly established than that of uni- 
versal gravitation, as laid down by ITbwtok, at least within 
the solar system. 

We shall find, in describing double stars, that gravita- 
tion is also found to act between the components of a great 
number of such stars. It is certain, therefore, that at 
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least some stars gravitate toward each other, as the bodies 
of the solar system do; but the distance which separates 
most of the stars from each other and from our sun is so 
immense that no evidence of gravitation between individual 
stars and the sun has yet been given by observation. Still, 
that they do gravitate according to N’BWTOisr’s law can 
hardly be seriously doubted by any one who understands 
the subject. 

The student may now be supposed to see the absurdity 
of supposing that the theory of gravitation can ever be 
subverted. It is not, however, absurd to supi)ose that it 
may yet be shown to be the result of some more general 
law. Attempts to do this are made from time to time 
by men of a philosophic spirit; but thus far no theory of 
the subject having much probability in its favor has been 
propounded. 



CHAPTER VII. 

THE MOTIOTSrS AND ATTRACTION OF THE MOON. 

Each of tho plunctH, except Memiry ajul Ve.nm, is at- 
tended Ly one or more satellites, or 7>w<)iih as they arc 
sometimes familiarly called. Those objects revolve around 
their several planets in nearly circular orbits, (Wicoinpany- 
ing them in their revolutions around the sun. 'I'lieir dis- 
tances from their planets are very small compared with tho 
distances of tho latter from each other and from tho sun. 
Their magnitudes also are very small comjiared with those 
of tho planets around which they revolve. Considering 
each system by itself, tho aaUdlitos revolve around their 
central planets, or “primaries,” in nearly circular orbits, 
and in each system Kbi'LBb’h laws govern (ho juotion of the 
satellites about tho primary. Each system is carried around 
the sun without any dorangomout of the motion of its sev- 
eral bodies among themselves. 

Our earth has a single satellite accompanying it in (his 
way, the moon. It revolves around tho (wrih in a littlo 
less than a month. Tho nature, causes, ami cons(«<iucm’cs 
of this motion form tho subject of tho jirescnt (thaptcr. 

The HooVfl Honovi avd Peakm. 

That the moon performs a roontlily circuit in U»« heavens (s a fset 
■with which we are all familiar from cliiWlusMi. At certain tinnw wa 
see her newly emerged from the sun's mys in Urn western twilight, 
and then we call her the now mwm. On each suooaadiiig evening 
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we see her further to the east, so that in two weeks she is opposite 
the sun, rising in the east as he sets in the west. Continuing Ikt 
course two weeks more, she has approached tJie sun on the other 
side, or from the west, and is once more lost in his rays. At the end 
of twenty- nine or thirty days, we see her again emerging as now 
moon, and her circuit is complete. The sun has been apparently 
moving toward the east among the stars during the whole month, so 
that during the interval from one new moon to the next the moon 
has to make a complete circuit relatively to the stars, and to move 
forward some 30“ further to overtake the sun, which has also been 
moving toward the east at the rate of 1“ daily. The revolution of 
the moon among the stars is performed in about 27 J- days,* so that if 
we observe when the moon is very near some star, we shall iincl her 
in the same position relative to the star at the end of this interval. 

The motion of the moon in this circuit differs from the apparent 
motions of the planets in being always forward. We have seen that 
the planets, though, on the whole, moving toward the east, are 
effected with an apparent retrograde motion at certain intervals, ow- 
ing to the motion of the earth around the sun. But the earth is the 
real centre of the moon’s motion, and carries the moon along with it 
in its annual revolution around the sun. To form a correct idea of 
the real motion of these three bodies, we must imagine the earth per- 
forming its circuit around the sun in one year, and carrying with it 
the moon, which makes a revolution around it in 27 clays, at a dis- 
tance only about that of the sun. 

Phases of the Moon. — The moon, being a non-luminons 
bodj, shines only by reflecting the light falling on her from 
some other body. The principal source of light is the sun. 
Since the moon is spherical in shai^e, the snn can illumi- 
nate one half her surface. The appearance of the moon 
varies according to the amount of her illuminated hemi- 
sphere which is turned toward the earth, as can be seen by 
studying Fig. 39. Here the central globe is the earth; 
the circle around it represents the orbit of the moon. The 
rays of the snn fall on both earth and moon from the 
right, the distance of the snn being, on the scale of the 


* More exactly, 27.83166^ 
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figure, some 30 feet. Eight positions of the moon are 
shown around the orbit at A, E, G, etc., and the right- 
hand hemisphere of the moon is illuminated in each posi- 
tion, Outside these eight positions are eight others show- 
ing how the moon looks as seen from the earth in each 
position. 

At A it is “new moon,” the moon being nearly between 
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the earth and the sun. Its dark hemisphere is then turn- 
ed toward the earth, so that it is entirely invisible. The 
sun and moon then rise and sot together. 

At E the observer on the earth sees about a fourth of 
the illuminated hemisphero, whioli looks like a crescent, as 
shown in the outside figure. In this position a groat deal 
of light is reflected from tlie earth to the moon, rendering 
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the dark part of the latter visible by a gray light. This 
appearance is sometimes called the “old moon in the new 
moon’s arms.” At G the moon is said to be in her “first 
quarter, and one half her illuminated hemisphere is visi- 
ble. The moon is on the meridian at 6 p.m. At O three 
fourths of the illuminated hemisphere is visible, and at B 
the whole of it. The latter position, when the moon is 
opposite the sun, is called “full moon.” The moon rises 
at sunset. After this, at H, B, F, the same appearances 
are repeated in the reversed order, the position B being 
called the “ last quarter.” 

The Tn)E& 

It is not possible in an elementary treatise to give a complete ac- 
count of the theory of the tides of the ocean due to the effect of the 
sun and moon. A general account may be presented which will be 
suffloient to show the nature of the effects produced and of their 
causes. (See Fig. 39‘.) 

Let us consider the earth to be composed of a solid centre sur. 
rounded by an ocean of uniform (and not very great) depth. The 
moon exercises an attraction upon every particle of the earth’s 
soHd and fluid alike. The attraction of the whole moon (Jf ) upon 

a particle m is where p is the distance from the centre of the 

moon to m. If 7» is one of the solid particles of the earth, it cannot 
move towards M in obedience to the attraction unless all the other 
solid particles move, since the earth proper is rigid. 

If m is a fluid particle, it is free to move in obedience to the forces 

impressed upon it. The attraction of M is proportional to that is, 

the particles nearest M are most attracted, and, on the whole the 
water on the part of the earth nearest the moon will be raised to- 
ward Jf. 

The moon also attracts the solid parts of the earth more than she 
attracts the water most distant from her, and this produces exactly 
the same e^ct as if there was another moon M' exactly opposite to 
elevation of the water under M* will not be quite as great 
as that under on account of the increased distance from ]}£. 
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Thus the moon’s action tends to elevate the whole mass of water on 
the lino joining her centre with the centre of the earth, and this is so 
not only on the part of this line nearest the moon, hut also on that 

farthest from her. , , . 

This elevation of the waters of the ocean above tlioir mean level is 
called the tide. The tidal effect of tlie moon produces a distortion of 
the spherical shell of water which we have supposed to surround the 
earth, and elongates this shell into the shape of an ellipsoid, the longer 
axis of wliich is always directed to tlie moon. Now as tlie moon 
moves around the eartii once in 24" 54™, this ellipsoidal shape must 
also move with her. The crest of the wave directly under M would 
come back to the same meridian every 24" 54'“. The outer crest (under 
jif') would come 12" S7"» after the first, so there would be two Mgh 
ttdea at any one meridian every (lunar) day. The first (and largest) 
hi^h tide would be at the time of the moon’s visible transit over the 
meridian. The second high lido wotdd bo 12" 27'" later, when the 
moon was on the lower meridian of the place. 

The lii<di tides occur when there is more water than the mean 
dcptli and between these high tides we should liave low tides, two 
in each lunar day. Similarly there would he two high tides daily at 
each meridian, duo to 4110 atlnmtive fonte of the stm. These, would 
have a period of 24 hours and could not always agree witli the lunar 
hich tides When the solar and lunar high tides (!olncid((d (at new 
and full moon), then we sliould liav(i the highest high tides and the 
lowest low tides. (Tlicse are the Spring tides, so called.) When the 
moon and the sun were 00" apart (moon iit first and third <iuarl<T), 
tlien wo should have the lowest Idgh tides and Urn higliest low tides. 

(Neap tides, so called.) . , , „ cw, . 

The tide-producing force of the moon is to that of the sun as HOO is 
to 85.’). The great mass of tho sun compensatos in some degrtio for 

his relatively great dlsUinco. 

At spring tides sun and moon work together; at neap tides limy 
oppose eaeli other. Tlie relative heights are as 800 *1- 365 : 800 - 856, 
or as 18 to 6 approximately. 

The explanation above relates to an earth covered by an otioan of 
uniform depth. To fit it to tho facte im they are, a thousand cir- 
cumstances must be taken into account, which depend uiwn the 
modifying effects of continents and islands, of deep and shallow 
sens, of currents and winds. Practically, the high tiiio at any stO' 
tion is predicted by adding to tho time of tho moon’s transit over 
its meridian a quantity determined from olswrvatlon and not from 
Ibeory. 
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Effects of the Tides upon the Earth’s Eotation.— As the tide -w*.™ 
moves It meets with resistauco due to friction. The arn^u? of thk 
msistMce IS subtracted daily from the earth’s energy of rotation 
The tides act on the earth, in a way, as if they were alight friction 

Stei “ enormously heavy wheel fuming raSy The 

wheel has been set to turning, and, so far as we know. U wfi ne^er 
have any more rotative energy given to it. Every subtracUon of 
energy however small, is a positive and irretrievable loss. 

-^i^Qlunartidesaregradually, though very slowly lene-themna- tim 

ay. Since accurate astronomical observations began there has been 
Z proof of any appreciable change in^he le^gt^ oSe 

day, but the change has been going on nevertheless. 



In the fi^tre Jf is the moon on the meridian of a 
place m. It is high water at m and m'. It is low water 
am and m'". In an hour the moon will have moved to 

at 1 and falling at m. As the moon moves by the diurnal 

Wh h ° ^ ^ move with it. 

When the moon is at if- it is low water at m and m' ' 

When the moon is at M', it is again high water at m; and 
so on If we suppose M to be the sun, a similar set of 
dofer tides will be produced every 24 hours. The actual 

ItW superposition of the solar and 



CHAPTER VIII. 

ECLIPSES OF THE SUN AND MOON. 

Eclipses are plienomena arising from the shadow of one 
body being cast upon another, or from a dark body passing 
over a bright one. In an eclipse of the sun, the shadow of 
the moon swoops over the eai-th, and the sun is wholly or 
partially obscured to observers on that part of the earth 
where the shadow falls. In an eclipse of the moon, the 
latter enters the shadow of the earth, and is wholly or 
partially obscured in consequence of being deprived of 
some or all of its borrowed light. The satellites of other 
planets are from time to time eclipsed in the same way by 
entering the shadows of their primaries ; among these the 
satollites of Ju^nter are objects whose eclipses may be 
observed with groat I'egularity. 

The Eabth’s Shadow and Penumbea 

In Fig, 40 let 8 represent tbe sun, and B the earth. Draw straight 
lines, j5i?Vand each tangent to the sun and the earth. 

The two bodies being supposed spherical, these lines will he the 
intersections of a cone with the piano of the paper, and may be 
taken to represent that cone. It. is evident that the cone BYB^ will 
be the outline of the shadow of the earth, and that within this cone 
no direct sunlight can penetrate. It is therefore called the earth’s 

Let us also draw the linos jyBP and BB'P' to represent the 
other cone tangent to the sun and earth. It is then evident that 
within the region YBP and YB^P' the light of the sun will be 
partially but not entirely cut off. 
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Dimensions of Let us investigate the distance D V from 

the centre of the earth to the vertex of the shadow. The triangles 
VDB and VSD are similar, having a right angle at B and at D, 
Hence 

VB:EB- V3:SD = E8: (SD - BJB)^ 


So if we put 

I = VW, the length of the shadow measured from the centre of 
the earth, 

r=: ES, the radius-vector of the earth, 

E=z SD, the radius of the sun, 
p=: EB, the radius of the earth. 


we have 


lz=VE = 


ESxEB_ rp 
BD-EB'^ B- p 



Fia. 40 .— Fobm of Shadow. 


That is, I is expressed in terms of known quantities, and thus is 
known. 

The radius of the shadow diminishes uniformly with the distance 
as we go outward from the earth. At any distance z from the 

earth’s centre it will be equal to this formula gives 

the radius p when « = 0, and the diameter zero when « = Z as it 
should.* 


• It will be noted that this expression is not, rigorously speaking, the semi- 
diameter of the shadow, but the shortest distance from a point on its central 
line to its conical surface. This distance is measured in a direction EB perpen- 
dicular to Z>J?, whereas the diameter would be jperpendicular to the axis 8E^ 
and its half-length would be a little greater than E B, 
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mnT.rP fflBS OF THE Moos’. 

The mean distance of the moon from the earth is about 
60 radii of the latter, and the length E 7 of the earth’s 
shadow is 317 ra^ii of the earth. Hence when the moon 
nasses through the shadow she does so at a point less than 

throe tenths of the way from E to 7. 
shadow here will be of tlie radius L B ot the earth, 

a quantity which we readily find to be about 4C00 kilo- 
metres The radius of the moon being 1736 kilometres, it 
will be entirely enveloped by the shadow when it passes 
through it within 3864 kilometres of the axis E T of the 
shadow. If its least distance from the axis exceed this 
amount, a portion of the lunar globe will be outside the 
limits jB 7 of the shadow-cone, and will therefore receive a 
portion of the diroet light of the sun. If the least distance 
of the centre of the moon from the axis of the shadow is 
ffi-eater than the sum of the radii of the moon and the 
Aadow-thatis, greater than 6336 kilometres-tho moon 
will not enter the shadow at all, and there will bo no odipse 
proper, though the brilliancy of the moon is dimiuishod 
wherever she is within tho ponunibral region. 

wiifin an ocUpse of tho moon occurs, the phases are laid down 

Z earth rom\t^^^ edge llrst 

penumbra. 'Fhe time of this 

Znwenoe is given in the almanac a« tliat of “ moon entering 
n^Sa!” A small portion of the sunlight is then cut oil from tho 
^vancing edge of the moon, and this amount eonataiitly 
^lu dm X reaches the boundary tho sha<l<;w. It is 

rtnrimiB liowcver that tlie oyo can Hcarcely detect any (linnnntion in 
Z brillianOT of the moon until site has almost touched the boundary 
S thSadow. The observer must not, tlierotore, expect to detect he 
wmlng eclipse unlU very nearly tho time given in tho almamio as t lu 
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of “moon entering shadow.” As this happens, the advancing 
portion of the lunar disk will be entirely lost to view, as if it were 
cut off by a rather ill-defined line. It takes the moon about an hour 
to move over a distance equal to her own diameter, so that if the 
eclipse is nearly central the whole moon will be immersed in the 
shadow about an hour after she first strikes it. This is the time of 
beginning of total eclipse. So long as only a moderate portion of 
the moon*s disk is in the shadow, that portion will be entirely 
invisible, but if the eclipse becomes total the whole disk of the moon 
will nearly always be plainly visible, shining with a red coppery 
light. This is owing to the refraction of the sun’s rays by the lower 
strata of the earth’s atmosphere. We shall see hereafter that if a ray 
of light B B passes from the sun to the earth, so as just to graze the 
latter, it is bent by refraction more than a degree out of its course, 
so that at the distance of the moon the whole shadow of the earth 
is filled with this refracted light. An observer on the moon would, 
during a total eclipse of the latter, see the earth surrounded by a 
ring of light, and this ring would appear red, owing to the absorp- 
tion ‘of the blue and green rays by the earth’s atmosphere, just as the 
sun seems red when setting. 

The moon may remain enveloped in the shadow of the earth 
during a period ranging from a few minutes to nearly two hours, 
according to the distance at which she passes from the axis of the 
shadow and the velocity of her angular motion. When she leaves 
the shadow, the phases which we have described occur in reverse 
order. 

It very often happens that the moon passes through the penumbra 
of the earth without touching the shadow at all. The diminution of 
light in such cases is scarcely perceptible unless the moon at least 
grazes the edge of the shadow. 

EGUPSES or THE SUH. 

In Fig. 40 we may suppose BEB' to represent the 
moon. The geometrical theory of the shadow will remain 
the same, though the actual length of the shadow in 
miles will be much less. The mean length of the moon’s 
shadow cast by the sun is 377,000 kilometres. This is 
nearly equal to the distance of the moon from the earth 
when she is in oonjuuctiou with the sun. We therefore 
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conchido tliat 'when the moon passes between the earth 
au<I the sun, the former will be Tery near the yertex V of 
ilu^ shiidow. As a matter of fact, an observer on the 
(•‘iirih’s surface will sometimes pass through the region 
(J VO'y and sometimes on the other side of V, 


l^ow, in Fig. 40, still supposing BEB’ to be the moon, and 
^j)jy to he the sun, let us draw the lines DB'P and EBP tan- 
g<uit to both luoon and sim, but crossing each other between these 
bodies at b. It is evident that an observer outside the space 
P B lyP will see the wliole sun, no part of the moon being project- 
ed upon it; while within this space the sun will he more or less 
Obscured. The whole obscured space may be divided into three 
rc^gions, in each of which the character of the phenomenon is dif- 
ferent. 

First, wc have the region BVB* forming the shadow-cone proper. 
Hero the sunlight i« entirely cut off by the moon, and darkness is 
ther(ifore complete, except so far as light may enter by refraction 
or reflection. To an obHcrvcrat V the moon would exactly cover 
the sun, the two bodies being apparently tangent to each other all 

around. ^ . , . , ^ ^ , 

Bocondly, we have the conical region to the right of V between 
the linoB K and /?' Kconiiiiued. In this region the moon is seen 
wholly proj<;cted upon the sun, the visible portion of the latter 
nrasonUng the form of a ring of light around the moon. This ring 
of light will ho wider in proportion to the apparent diameter of the 
sun the fnrtluir out we go, hecauso the moon will appear smaller 
tliaii Uie sun. and its angular diiiincter will diminish in a more rapid 
rullo than that of the sun. This region is that of annular 
because the sun will prcHOiit the appearance of an annulus or ring of 
htf-ht around tho moon. 

^'hirdly wo have thn rogion PJ?rand P'JB' F. which we notice 
in ocntlnuoufi, extoiullng around tho interior cone. An observer 
licro would BOO ttio moon partly projected upon the ^n, and there- 
fore a cortttin pint «t the biui’h light would be cut ofl. Along the 
inner boundary 7J F ami BY> tho obscuration of the sun will be 
complew. but tto amount of sunlight will gradually inor^se o^to 
Ihrouter boundary liT K 1”. wlicrc the whole sun is visible. This 
rcition of purtlnl obRCuriition Ih called the penumSra. 

To show more clearly the phenomena of solar eclipses, we present 
(fflolhor figure repre»«trii«K the penumbra of the moon thrown upon 
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the earth.* The outer of the two circles S represents the limb of the 
sun. The exterior tangents which mark the boundary of the shadow 
cross each other at V before reaching the earth. The earth {E) being 
a little beyond the vertex of the shadow, there can be no total eclipse. 
In this case an observer in the penumbral region, 00 or DO, will 
see the moon partly projected on the sun, while if he chance to be 
situated at 0 he will see an annular eclipse. To show how this 
is, we draw dotted lines from 0 tangent to the moon. The angle 
between these lines represents the apparent diameter of the moon as 
seen from the earth. Continuing them to the sun, they show the 
apparent diameter of the moon as projected upon the sun. It will 
be seen that, in the case supposed, when the vertex of the shadow 
is between the earth and moon the latter will necessarily appear 



Fig, 41. — Figure of Shadow for Anistolar Eclipse, 


smaller than the sun, and the observer will see a portion of the solar 
disk on all sides of the moon, as shown in Fig. 42. 

If the moon were a little nearer the earth than it is represented 
in Fig. 41, its shadow would reach the earth in the neighborhood 
of 0. We should then have a total eclipse at each point of the earth 
on which it fell. It will be seen, however, that a total or annular 
eclipse of the sun is visible only on a very small portion of the earth’s 
surface, because the distance of the moon changes so little that the 
earth can never be far from the vertex 7 of the shadow. As the 


* It wlU be noted that all the figures of eoUpses are necessarily drawn very 
much out of proportion. Really the sun is 400 times the distance of the moon, 
which again is 60 times the radius of the earth. But it would be entirely im- 
possible to draw a figure of this proportion; we are therefore obliged to 
represent the earth in Fig. 41 as larger than the sun, and the moon eis nearly 
half way between the earth and sum 
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A t^^e. earth from -west to cast, its shadow, whete 

diameter of the diadow at t^ ^ 

gurface of the earth ranges from 
zero to 150 miles. It therefore 
sweeps along a belt of the 
earth’s surface of that breadth, 

in the same direction in which 

the earth is rotating. me 
velocity of tlie moon relative to 
the earth being 3400 kilometres 
per hour, the shadow would 
pass along with this velocity u 
the earth did not rotate, but 
owing to the earth’s rotation 
the velocity relative to points _____ — 
on its surface may range from Bonv of Mims 

2000 to 8400 kilometres (1300 an ANNiti^Aii 

to 2100 miles). ill order to sec o» lotul 

T,e reader will S id some point of 

f otr iB to pass. These po hits 

some years inadvaiico. in the astronomical 

n VM AVt 



It will lie soon that a partial cclipRO ol tho firm may ho 
visible from a much larger portion of tlio oarth « mirfaoo 
than a total or annular ouo. The space 0 P (KiK- 41) over 
which the penumbra cxtciKls is generally of about one u £ 

the diameter of tho oarth. Roughly ‘‘ ! 

eclipse of tho sun may swoop over a port, ion of the tai U 
Burflce ranging from zero to iierhaps ouo fifth or one six 

°^T^ere^are really moro eclipses of tho sun than of tho 
moon. A year novor passes without at loasl two of tho 
former, and somotimos five or six, while there are ntrely 
more than two eclipses of the moon, ami m many ycurs 
none at aU. But at any one phi«o moro eelipsos of tho 
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moon will he seen than of the sun. 'I’lio reason of tliis is 
that an eclipse of the moon is visible over the entire hemi- 
sphere of the earth on which the moon is shinitifj, and as 
it lasts several hours, ohservors who arc not in this liemi- 
sphore at the beginning of tho eclipse may, by the eartli's 
rotation, be brought into it before it ends. Thus tho 
eclipse will be seen over more than half tho earth’s surfair. 
But, as we have just seen, emdi eclipse of the sun can he 
seen over only so small a fraction of the earth’s surface as 
to more than compensate for tho greater absolute fre- 
quency of solar eclipses. 



Comparison on Shadow and Pbnhmbba of Earth and Moon. A W 
THs Position of the Moon DHnwa A 801.AR, B udhinc. a Litnar, Eouphb. 


It will be seen that, in order to have either a total or 
annular eclipse visible upon the earth, tho lino joining 
the centres of tho sun and moon, being continued, must 
strike the earth. To an observer on this lino tho contms 
of the two bodies will scorn to coincide. An eclipse in 
which this occurs is called a central one, whether it bo 
total or annular. Fig. 43 will perhaps aid in giving a 
clear idea of the phenomena of eclipses of both sun and 


THE EEOUEEEHCE OE ECLIPSES. 

If the orhit of the moon around the earth werA in ai* •<«» 
plane of the ecliptic there would be an eclipse of the sun at every 
uew moon, and on eclipse of the moon at'every fuj TuT 
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owing to 

moon near xmiBt the moon be to its node 

The question now wises, how “ear mue 

in order that an is more than 18° -6 from its node 

nioincnt of new if it is leas than 18°. 7 an 

no ecliitsc of the ®"" ego jimita an eclipse may occur or fail 

cclipae Is certain. .hstancos of the sun and moon from the 

Sh'' th^e umits. or say 16° fronx the node, it 



ina 44 -mustrattoK lunar ocHpne 'J;* hi always in 

4 iil,r;!utoSi:^rsl;ldal iBthers h bare^ 

Is an oven chanoo that an eclipM 4"wa^ tiie ^upper one 

(tJi'"7)tho The corresponding limits for an 

/ig’**m they dlimalBli to ^ timt is H at tlie moment of full 

eclipS of to moon arc 9“ and greater than 

Srthe distance of ‘‘f, i® «.an 9° an eclipse 

no eclipse can occur, wliilo it t Since, in the long- 

1 , cer Jdn "VTe may put the mew » distances from the 

ot to «u. to 

node, there vill bo, pur cent more. 

•T« 2i“. ”.“S= ^ 

rhr 
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eclipse limit may range half a degree or more on each side of this 
mean vmue, owing to the varying distance of the moon from the 
earth. Inside of 10° a central eclipse may be regarded as certain, 
and outside of 11° as impossible. 

If the direction of the moon^s nodes from the centre of the earth 
■were invaiiable, eclipses could occur only at the two opposite months 
of the year when the sun had nearly the same longitude as oue node. 
± or instance, if the longitudes of the two opposite nodes were re- 
spectively 54° and 234°, then, since the sun must he within 12° of 
the node to allow of an eclipse of the moon, its longitude would have 
to be either between 42° and 66°, or between 222° and 246°. But 
the sun is within the first of these regions only in the month of May, 
and within the second only during the month of November. Hence 
^nar eclipses could then occur only during the months of May and 
Noveinber and the same would hold true of central eclipses of the 
sun. Small partial eclipses of the latter might be seen occasionally 
a day or two from the beginnings or ends of the above months, but 
they would, be very small and quite rare. Now, the nodes of the 
moon s orbit were actually in the above directions in the year 1873. 
Hence aurag that year eclipses occurred only in May and No- 
^ call these months the seasons of eclipses for 


moon’s nodes amounting to 
19* m a year. The nodes thus move back to meet the sun in its 
annual revolution, and this meeting occurs about 20 days earlier 
eve^ year Uian it did the year before. ' The result is that the season 
rtni- shifting, so that each season ranges through- 

snond^vto ti ^ years. For instance, the season corre- 

of November, 1878, had moved back to July and 

W73 wnTii® 1 1882, while that of May, 

o73, will be shifting back to November in 1882 

It may be interesting to illustrate this by giving the days in which 


Ascending Node. 

1879. January 24. 

1880. January 6. 

1880. December 18. 

1881. November 30. 

1882. November 12. 

1883. October 25. 

1884. October 8. 


Descending Node. 

1879. July 17. 

1880. June 27. 

1881. Junes. 

1882. May 20. 
1888. May 1. 
1884 April 12. 
1885. March 25. 



EOMPSHS OP Tim SUIT APD MOON. 1S& 

■Dtirinc tUeso years, eclipses of Uic moon can occur only •within 11 
or^S oSdktcs.U eclipses of the sun only within 15 or 

^‘'hrconscauencc of the motion of Uio moon’s node, llxree varying 
anitlcH come into play in considerins the occurrence of an eclipse: 

U c longitude of le node, that of the sun, and that of the moon. 

« z'zrsssk 

?" •r.'ri: iiThf;;*, ». ««■: » »• 34..e», 

‘^'now let us suppose the sun and moon to start out together from 
a nock A.t the end of :t4tt.«201 days the sun, having apparently 
t . 1 m.„riv iiti onlirc rcvohilion around the celestial sphere, will 
i:ra Xt n'-ed back to meet it. But the 

™ will noi ho there. It will, during the interval, have pass^ 
“oSa times, and the 13th passage will no occur for a week. 
The samo thing will ho true for 18 su<a:e.ssivc returns of the sun _ o 
Se nX wcLll not find Uic moon there at the same time with 
the sun* 'she will always have passed a little sooner or a little later, 
tlio ISth return of the sun and the 343d of the moon the two 

find from the preceding periods tluit 

243 returns of the moon to the node require C585J57 dap. 

4* ** sun. 

The two bodies will thoroforo pass the 

1 tw T'hla ooniunctiou of the sun and moon will he the 333d 
each other. This o ] Btarted. Now, one lunation 

tto interval hetween two cousocutive ncwinoons) is, in the 
nft 510888 days- 338 lunations therefore require 6685.83 dap. 

The now moon, > latter Ixdug that over which the moon 

Z L SSrirtvol r?he node from which we started, and the 
m about IV \X">8d ol" SkiraireTavTit 
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moons, or 18 years 11 days, was called the Saros by the ancient as- 
tronomers, and by means of it they predicted eclipses. 

The possibility of a total eclipse of the sun arises from the occa- 
sional very slight excess of the apparent angular diameter of tlie 
moon over that of the sun This excess is so slight that such an 
eclipse can never last more than a few minutes. It may be of inter- 
est to point out the circumstances which favor a long duration of 
totality. These are: 

(1) That the moon should be as near as possible to the earth, or, 
technically speaking, in perigee, because its angular diameter as 
seen from the earth, will then be greatest. 

(2) That the sun should be near its greatest distance from the 
earth, or in apogee, because then its angular diameter will be the 
least It is now in this position about the end of June; hence the 
most favorable time for a total eclipse of very long duration is in the 
summer moriths. Since the moon must be in perigee and also be- 
tween the earth and sun, it follows that the longitude of the perigee 
must be nearly that of the sun. The longitude of the sun at the 
end of June being 100®, this is the most favorable longitude of the 
moon’s perigee. 


(8) The moon must be very near the node in order that the centre 
of the shadow may faU near the equator. The reason of this condi- 
tion IS that the duration of a total eclipse may be considerably in- 
creas^ by the rotation of the earth on its axis. ySTe have seen that 
the shadow sweeps over the earth from west toward east with a 
velocity of about 3400 kilometres per hour. Since the earth rotates 
m the same direction, the velocity relative to the observer on the 
earth 8 surface will be diminished by a quantity depending on this 

SnlUL'T the velocity 

The velocity Of rotation IS greatest at the earth^s equator, whereat 

^ouuuto IBM kilometres per hour, or nearly half the velocity of 
the moon s shadow. Hence the duration of a total edinse mav -lit i, 
n the trop cs. nearly doubled by the earth's roSi TM 
the favorable circumstances combine in the way we have W dp 
scribed, the duration of a total eclinse within ^ “ 

about seven minutes and a half In ©ur latitiKin th 
ration will be somewhat less or not du- 

only on verj' rare occasions, ’hardly once in maiv “ 

“sirCLr"";" ■” '» ““ •" 

rically considered, iranriogou*^“an wMps^? 

tation of a star by the moTf SincralS w ^ 

nearer ttan the fixed stars, it is evident mtfS 
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time to time pass between us and the stars. The planets are, how- 
ever, so small that such a passage is of very rare occurrence, and 
when it does liappen the star is generally so faint that it is rendered 
invisible by the superior light of the planet before the latter touches 
it. But the moon is so large and her angular motion so rapid that 
she passes over some star visible to the naked eye every few days. 
Such phenomena are termed occultations of stars ly the moon. It 
must not, however, be supposed that they can be observed by the 
naked eye. In general, the moon is so bright that only stars of the 
first magnitude can be seen in actual contact with her limb, and even 
then the contact must be with the unilluminated limb. 



OHAPTEE IX. 

THE EARTH. 

OtJR object in tlie present chapter is to ti-aoo the cffoctH 
of terrestrial gravitation and to study the changes to which 
it IS subject in various places. Since every i»art of the 
earth attracts every other part as well as every object upon 
Its surface, it follows that the earth and all the objects 
that we consider terrestrial form a sort of system by tlieni- 
selves, the parts of which are firmly bound together by 
their mutual attraction. This attraction is so strong that 
It IS found impossible to project any object from the sur- 
of the earth into the celestial spaces. Every iiarticlo 
of matter now belonging to the earth must, so far as we 
can see, remain upon it forever. 


Mass aot) Density or the ea u t h. 


afmdttffr it eon- 

(m u 'ly product of its wlume ( V) by its donsitv 

Ses^F= rtd r 

' Tu- Mm ^ ‘® attracted by the earth's mass 

by-p-. where ris the distance (See page 180.) The weight 

« of mis then The weight v>' of another body m' is m' = 
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If the bodies are at the same place on the earth r = / and w : w' = 
m : m', or the weights of bodies at the same place on the earth are 
proportional to their masses. It is easy to measure the weights of 
bodies by balancing them in scales against certain pieces of metal. 
Hence by weighing two bodies of weights w and we can deter- 
mine the ratio of their masses m and m‘. If m is a cubic foot of 
water, 9)i' is the absolute mass of the other substance. 

The weight w is not the same in all parts of the earth, nor at dif- 
ferent heights above the earth’s surface. It is theiefore a variable 
quantity, depending upon the position of the body, while the mass 
of the body is something inherent in it, which remains constant 
wherever the body may be taken, even if it is carried through the 
celestial spaces, where its weight would be reduced to almost noth- 

ing. ^ ^ , 

The unit of mass which we may adopt is arbitrary. Generally the 
most convenient unit is the weight of a body at some fixed place on 
the earth’s surface— the city of Washington, for example. Suppose 
we take such a portion of the earth as will weigh one kilogramme in 
Washington; wo may then consider the mass of that particular lot of 
earth or rock us the unit of mass, no matter to what part of the uni- 
verso we take it. Suppose, also, that we could bring all the matter 
cotnposing the earth to the city of Washington, one unit of mass at 
a lime, for the purpose of weighing it, returning each unit of mass to 
its place in the earth immediately after weighing, so that there should 
bo no disldirbanco of the earth itself. The sum-total of the weights 
thus found would be the mass of the earth, and would be a perfectly 
definite quantity, admitting of being expressed in kilogrammes or 
pounds. We can readily calculate the mass of a volume of water 
equal to that of the earth because we know the magnitude of the 
earth in litres, and the mass of one litre of water. Dividing this 
into the mass of the earth, supposing ourselves able to determine 
thin mass, and wo shall have the specific gravity, or what is more 
properly called the density ^ of the earth •. J) •= M -i- M , ^ 

What we have supposed for the earth we may imagine for any 
heavenly body ; namely, that it is brought to the city of Wasliington 
in small pieces, and there weighed one piece at a time. Thus the 
total mass of the earth or any heavenly body is a perfectly defined 

and determinate quantity. ^ 

It may be remarked in this connection that our units of weight, the 
pound, the kilogramme, etc., are practically units of mass rather than 
of weight. If wo should weigh out a pound of tea in the latitude of 
Washington, and then take it to the equator, it would really be less 
heavy at the equator than in Washington; but if we take a pound 
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weight with us, that also would he light <*r at the oquator, an that thi» 
two would still balance each oUut. and the tnu would ho slill i*«m- 
sidered as weighing one pound. Sino«! thingH un* iwiUially woighod 
in this way by weights w’hich weigh one unit at sonu* th^llmie pliu-e. 
say Washington, and which arc carried all (►ver tlu* world wiihutd 
being changed, it follows that a body 'whi<*h lm.s any given w’<‘igliC in 
one place will, as measured in this way. have the same apiiaivut 
weight in any other place, although its real weight will vary. H»it 
if a spring-balance or any other instrunumt for d(‘lennining ah.Sfdut^* 
weights were adopted, tlicn we sliould timl that tint weight uf the 
same body varied as we took it from one part of tin* earth to another. 
Since, however, wc do not use this sort of an instrument in Wi*igii 
mg, but pieces of metal whieh arc earrit^d about without (‘hange, it 
follows that what we call units of weight are prop(*rly unils of nukn.s. 
Density of the Earth.— Wo sec that all bodies arouiul us lend to fall 
toward the centre of the earth. According to lh<‘ law of gravitfition. 
this tendency is not simply a singh, force dircciled Kkward (he eeinre 
of the earth, but is the resultant of an indnity of separate foivos 

quoRtion may artso, Low do wo know lliiil, , 
LSowW, nnt wldoh falls, and flm( tlw wli.d.- 

ifithcrm th« cxa<!t,itudo wlMi wliUrh Uu- 
theoiy represents a great mass of dwcouiicctod pl.onomt'iia tlmu hi 

faolth,u m,r.; 

astronomy aHorda ub tho 
Zr great procision tho 

^enab e 

venirbodvTr. the absolute mass of any hea- 

rpv, ^ / ttnits of tlie weights we use on the earth 

- .1 -f » VLr 

wt: t: “f 

imow the mean density of the earth, and this is 
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something about which direct observation can give us no in- 
formation, because we cannot penetrate more than an in- 
significant distance into the earth’s interioi. 

The only way to determine the density of the earth is to find bow 
much matter it must contain in order to attract bodies on its surfa,^ 
with a force equal to their observed weiglit; that is, with such intensity 
that at the equator a body shall fall nearly five metres in » ^cond To 
find this we must know the relation between the mass of a body md 
its attractive force. This relation can only be found by measuring 
the attraction of a body of known mass. . 

■yVo may measure the attraction of a body of known mMS in 

following ingenious way. In Fig. 44* let f . at D F" 
1 metre on each edge. Two holes ai-e bored through the cube a.tDF 


and hj A pair of scales ABO 
hiw its scale - pans D E connected 
by fine wires to other scale-pans, 

FG, below the block. Suppose 
the pans empty and everything at 
rest. 

I. Put a weight W in 2)» and 
balance the scales by weights in G, 

At 1) the total attraction is the 
attnictiou of the earth plus the 
attraction, of the block, while at 
Q we have the attraction of the 

earth (downwards) minus the attraction of the block (upwards); hence 
(1) ^W'eights in ^ = weight in D -f- 2 attraction of block. 

II Put the weight TT in F, and balance the scales by weights in K 
At F the total attraction is earth minus block, and at Bit is earth 
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block; hence 

(2) -Weights in weight in JP* - 2 attraction of block. 

Combining these equations (1) and (2), we have 

Weights in — weights in = 4 attraction of block, 
after small corrections have been applied for the difference of height 

Tho attraction of this block, which has a known mass in kilo- 
grammes, is thus known, and hence the general relation between ^s 
in kilogrammes and attractions. The attraction of the earth is known 
since it is such as to attract bodies with forces equal to their observed 
weights. Therefore the mass of the earth expressed in kilogramme 
is known. The volume, F, of tllO OUrtb is known from surveys; its 
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mass, Jf, is now known, and hence its density, D. The relatm miisaes 
of the sun and earth (and other planets) are known, and hence their 
absolute masses in kilogrammes become known as soon as we have 
the earth's absolute mass in kilogrammes, determined its above. 

The results of experiment show the earth to be about 5 lime.s as 
dense as water. The sun is only ^ as dense as the eart h. Other re- 
searches give about 5*6 for the density of the eaith; this is more 
than double the average specific gravity of the rooks which compose 
tlie surface of the globe: whence it follows that the inner portions of 
the earth are much more dense than the outer parts. 

Laws of Teeeestrial Grayitation’, 

The earth being very nearly spliorical, certain theorems respecting 
the attraction of spheres may be applied to it. The demonstration 
of these theorems requires the use of the Integral Calculus, and will 
be omitted here, only the conditions and the results being staled. 
Let us imagine a hollow shell of matter, of which the in tor mil and 
external surfaces are both spheres, attracting any other mass of 
matter, a small particle wo may suppose. This particle will bo 
attracted by every particle of the shell with a force inversely as the 
square of its distance from it. The total attraction of the shell will 
be the resultant of this infinity of separate attractive forces. 

Theorem I. — If the particle he mtmle the ehelly it will he attracted 
as if the whole mass of the shell were conmvtrated in its ceJitre, 

Theorem II. — If the particle he inside the shelly the opposite attrae* 
tions in every direction will neutralize each other y no matter whereahonts 
in the inienor the particle may hey and the resultant attraction of the 
shell will therefore he zero. 

To apply this to the attraction of a solid sphere, let us first sup- 
pose a body either outside the sphere or on its surface. If we con- 
ceive the sphere as made up of a great number of spherical shells, the 
attracted point will be external to all of 
them. Since each shell attracts us if 
its whole mass were in the centre, it 
follows that the whole sphere attrac.ts 
a body upon the outside of its surface 
as if its entire mass were concentrated 
at its centre. 

Let us now suppose the attracted 
particle inside the sphere^ as at P, Pig. 
45, and imagine a spherical surface 
PQ concentric with the sphere and 
passing tliroiigli the attracted particle. 
All that portion of the sphere lying 



Fig. 46. 
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outside this spherical surface will be a spherical shell having the 
particle inside of it, and will therefore exert no attraction whatever 
on the particle. That portion inside the surface will constitute a 
sphere with the particle on its surface, and will therefore attract as 
if all this portion were conceulrated in the centre. To find what 
this attraction will bo, let us first suppose the whole sphere of equal 
density. Let us put 

a, the radius of the entire sphere. 

r, the distance PC of the particle from the centre. 


Tiie total volume of matter inside the sphere P Q will then be, by 

4 

geometry , -5 it r®. Dividing by the square of the distance r, we see 

Q 

that the attraction will be represented by 



that is, inside the sphere the attraction will be directly as the dis- 
tance of the particle from the centre. If the particle is at the sur- 

4 

face we have v = a, and the attraction is -g a. Outside the sur- 

4 

face the whole volume of the sphere -5 a® will attract the particle, 

o 

4 ^8 

and the attraction will be -g -^ 5 . If we put ?• = a in this formula, 

we shall have the same result as before for the surface attraction. 

Let us next suppose that the density of the sphere varies from its 
centre to its surface, so as to be equal at equal distances from the 
centre. "Wo may thou conceive of it as formed of an infinity of con- 
centric spherical shells, each homogeneous in density, but not of the 
same density as the others. Theorems T. and II. will then still 
apply, but their result will not bo the same as in the case of a homo- 
geneous sphere for a particle inside the sphere. Referring to Fig. 
45 , let us put 

D, the mean density of the shell outside the particle P. 
the mean density of the poi;tion P Q inside of P. 


We shall then have : 

Volume of the shell, r®). Volume of the inner sphere, 

o 

j 4 

-*r». Ma 88 oftlieshell=Tol. = Massofthe 

9 8 
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inner sphere = vol. y^J)^ ^ jyn^. Mass of the -whole sphere = 
o 

sum of masses of shell and inner sphere = ~ tzt ^ Z) + (D' — D) . 
Attraction of the -whole sphere upon a point at its surface = 

Attraction of the inner sphere (the same as that of the whole shell) 

ATngg A 

upon a point at P= — r- =~;r i». 

r* o 

If, as in the case of the earth, the density continually increases to- 
ward the centre, the value of J>' will increase also, as r diminishes, so 
that gravity will diminish less rapidly than in the case of a homo- 
geneous sphere, and may, in fact, actually increase as we descend. 
To show this, let us subtract the attraction at F from that at the sur- 
face. The difference will give : 

Diminution at P =: ~ ^ (P" — P) ^ — PV J 

Now let us suppose r a very little less than a, and put r = a — ; 
d will then be the depth of the particle below tlie surface. 

Cubing this value of r, ueglecting the higher powers of d, and 
• • • 

dividing hy a®, we find ^ = a — 8 d Substituting in the above 

• 4 

equation, tbe diminution of gravity at P becomes -g tc {BJD 

"We see that if B P < 2 F' — that is, if the density at the surface is 
less than of the mean density of the whole inner mass — this quan- 
tity will become negative, showing that the force of gravity will be 
less at the surface than at a small depth in the interior. But it must 
ultimately diminish, because it is necessarily zero at the centre. It 
was on this principle that Professor Airt determined the density o f 
the earth by comparing the vibrations of a pendulum at the bottom 
of the Harton Colliery, and at the surface of the earth in the neigh- 
borhood. At the bottom of the mine the pendulum gained about 
^•5 per day, showing the force of gravity to be greater there than at 
the surface. 

ItOTJKE AHD MAOlinTTrDE OF THE EABTH. 

If the earth were fluid and did not rotate on its axis, it 
•WQold assame the form of a perfect sphere. The opinion 
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is entertained that the eaith was once in a molten state, 
and that this is the origin of its present nearly spherical 
form. If we give such a sphere a rotation upon its axis, 
the centrifugal force at the equator acts in a direction op- 
posed to gravity, and thus tends to enlarge the circle of 
the equator. It is found by mathematical analysis that the 
form of such a revolving fluid sphere, supposing it to be 
perfectly homogeneous, will be an oblate ellipsoid ; that is, 
all the meridians will be equal and similar ellipses, having 
their major axes in the equator of the sphere and their 
minor axes coincident with the axis of rotation. Our earth, 
however, is not wholly fluid, and the solidity of its conti- 
nents prevents its assuming the form it would take if the 
ocean covered its entire surface. By the flgure of the 
earth we mean, hereafter, not the outline of the solid and 
liquid portions respectively, but the figure which it would 
assume if its entire surface were an ocean. Let us 
imagine canals dug down to the ocean level in every direc- 
tion through the continents, and the water of the ocean to 
be admitted into them. Then the curved surface touching 
the water in all these canals, and coincident with the sur- 
face of the ocean, is that of the ideal earth considered by 
astronomers. By the figure of the earth is meant the figure 
of this liquid surface, without reference to the inequalities 
of the solid surface. 

We cannot say that this ideal earth is a perfect ellipsoid, 
because we know that the interior is not homogeneous, but 
aU the geodetic measures heretofore made are so nearly 
represented by the hypothesis of an ellipsoid that lat- 
ter is a very close approximation to the true figure. The 
deviations hitherto noticed are of so irregular a character 
^hat they have not yet been reduced to any certain }a>w, 
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The largest which have been observed seem to be duo to 
the attraction of mountains, or to inequalities in the den- 
sity of the rocks beneath the surface. 

Method of Triangulation. — Since it is practically impossi- 
ble to measure around or through the earth, the magnitudo 
as well as the form of our planet has to be found by com- 
bining measurements on its surface with astronomical ob- 
servations. Even a measurement on the earth^s surfac^o 
made in the usual way of surveyors would be impracticable, 
owing to the intervention of mountains, rivers, forests, and 
other natural obstacles. The method of triangulation is 
therefore universally adopted for measurements extending 
over large areas. 



executed in the following way : Two points, a 

Une ^ extremities of a base- 

n? ^ so chosen that their di tunce apart can bo accu- 

beMleveUndfree w ground should therefore 

TOt^ possible. One or more ele- 

pointy BP, eta, must be visible from one or both ends of the 
ot ^ rneans of a theodolite and by observation of the 0016 
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termined by actual measurement, and the angles at a and h deter- 
mined by observations. With these data the lengths of the sides 
a F and h F are determined by a simple computation. 


The observer then transports his instruments to F, and determines 
in succession the direction of tire elevated points or hills D EQHJ, 
etc. He next goes in succession to each of these hills, and determines 
the direction of all the others which are visible from it. Thus a net- 
work of triangles is formed, of which all the angles are observed 
with the theodolite, while the sides are successively calculated from 
the first btisc. For instance, we have just shown how the side aFis 
calculated; this forms a base for the triangle EFa, the two remain- 
ing sides of which are computed. The side EF forms the base of 
tlie triangle Q E F^ the sides of which are calculated, etc. In this 
operation more angles are observed than are theoretically necessary 
to calculate the triangles. This surplus of data serves to insure the 
detection of any errors in the measures, and to test their accuracy by 
the agreement of their results. Accumulating errors are further 
guarded against by measuring additional sides from time to time as 
opportunity offers, , j ^ 

Chains of triangles have thus been measured in Russia and bweden 
from the Danube to the Arctic Ocean, in England and France from 
the Hebrides to Algiers, in this country down nearly our entire At- 
lantic coast and along the great lakes, and through shorter distances 
in many other countries. An east and west line is now being run 
by the Coast Survey from the Atlantic to the Pacific Ocean. Indeed 
it may be expected that a network of triangles will be gradually ex- 
tended over the surface of every civilized country, in order to con- 


struct perfect maps of it. . . j 4 . 1 ^ 

Suppose that we take two stations, a and Fig. 46, situated north 
and south of each other, determine the latitude of each, and calculate 
the distance between them by means of triangles, as m the figure. 
It is evident that by dividing the distance in kilometres by the dif- 
feronco of latitude in degrees we shall have the length of one deg’’®® 
of latitude. Then if the earth were a sphere, we should at once have 
its circumference by multiplying the length of one 
It is thus found that the length of a degree is a little more than 111 
kilometres, or between 69 and 70 English statute miles. Its circum- 
ference is therefore about 40,000 kilometres, and its diameter between 
12,000 and 18,000.* (85,000 and 8000 miles.) 

• -When the metric system was oripnally designed hy the 

OTU^res. But the rctually adopted is nearly* of 


an inch too short. 
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Owing to the ellipticity of the earth, the length of Ohe degree 
varies with the latitude and the direction in which it is measured. 
The next step in the order of accuracy is to find the magnitude and 
the form of the earth from measures of long arcs of latitude (and 
sometimes of longitude) made in different regions, especially near 
the equator and in high latitudes. But we shall still find that dif- 
ferent combinations of measures give slightly different results, both 
for the magnitude and the ellipticity, owing to the irregularities in 
the direction of attraction which we have already described. The 
problem is therefore to find what ellipsoid will satisfy the measures 
with the least sum-total of error. Kew and more accurate solutions 
will be reached from time to time as geodetic measures are extended 
over a wider area. The following are among the most recent results : 
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the ^rth»s polar semidiameter. 6355-270 kilometres; earth’s equatorial 
semidiameter, 6377-377 kilometres ; earth’s compression, WW.-rOf the 
equatonal diameter ; earth’s eccentricity of meridian, 0-08819. An- 
other result is that of Captain Cla:rkb of England, who found: 

semidiameter. 

Q^ntrie latitude*.— An obvious result of the 
Pl““Wme does not point toward 
“ meridional section of the 
^ being the axis of rotation, BQtbe plane of the equator. 
and Qthe position of the observer. The line SB . tangent to the 

P®*” radius being S0,8S4,8eS 

«« eauawwai SW,9S8,8(B. These numbeirs are in the proportion SSe : goa. 
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^r^-h nt 0 will then represent the horizon ot the observer, while the 
Un^ZS' ’perpendicular to SB, and therefore normal to the earth 
it n will be the vertical as determined by the plumb-line. The angle 
n T^'O or ZOO' which the observer’s zenith makes with the equa- 
tor wUl In be hirinomical or geographical latitude This is 

not by measurement by direct observation of 

a t or of the pei-pen- 

any km , „ . / Z0& is the astronomicixl latitude. If, 

dicular the line OOz drawn from the centre of the 

howevei, wc con observer’s (jeocentric zenith, while the 

earth through 0, a w It will be observed that it 

nno will be his qeocenim lautuae. u win oe uu&ci vu 


Moro. or IH. I«T='o Am, o. raoHMO. or id 
Eqttikoxes. 

Sidoiod »a IimnoolM Y.«.-Io d^ritog fho 
o„t mottoo oJ tlio sun, tuo r-oys of Imdiiig tbe tmo of . 8 
apporaHiorolution Mound tie sphoio were 
olL weirds, of Oiing tie longti of o yo». One of those 
Sods eoisirts iu finding flio intemi “weeu su^»r 
paMsges of tho sun titougi tio oqumom or. whi* ts ^ 
Lne thing, ooros. tie ptoo of tto oquote oud tho oto 
by finding when it rotnrns to tho same position among th 
Ls Two thousand years ago niPPAECHUS found, hy 
comparing his own observations with those made 
tnries before hy Timoohabis, that these two methods of 
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fixing the length of the year did not give tlie same t'csnlt. 
It had previously boon considered that the lengtli of ii year 
was about 3C5J days, and in attempting to comust this 
period by comparing his observed times of the sun’H pass- 
ing the equinox with those of Timocuiakis, Ilim-Aitcitus 
found that the length required a diminution of seven or 
eight minutes. Ho therefore concluded that the true length 
of the equinoctial year was 3(55 days 5 hours and about 53 
minutes. When, however, ho considered the retimi of the 
sun not to the equinox, but to the same position relativo 
to the bright star Spica Virginis, he found that it took 
some minutes moi’e than 3(J5:J days to complete the revolu- 
tion. Thus there are two years to bo distinguished, the 
tropical or equinoctial year and the sidereal year. 'I’lio 
first is measured by the time of the sun’s return to tlio 
equinox ; the second by its return to the same position 
relative to the stars. Although the sidereal year is the 
correct astronomical period of one revolution of the earth 
around the sun, yet the equinoctial year is the one to bo 
used in civil life, because the change of seasons depends 
upon that year. Modern determinations show the respec- 
tive lengths of the two years to be, in mean solar days: 

Sidereal year, 3050 e” 9” 9* = 366'>. 26636. 

Equinoctial year, 365" S'* 48“ 46“ = 306".2422O. 

It is evident from this difference between the two years 
that the position of the equinox among the stars must be 
changing, and that it must move toward the west, because 
the equinoctial year is the shorter. This motion is called 
^0 precession of the equinoxes, and amounts to about 60" 
per year. The equinox being simply the point in which 
the equator and the ecliptic intersect, it is evident tha t it 
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can change only through a change in one or both of these 
circles. Hippaeohus found that the change was in the 
equator and not in the ecliptic, because the declinations 
of the stars changed, while their latitudes did not. Since 
the equator is defined as a circle everywhere 90® distant 
fi-om the pole, and since it is moving among the stars, it 
follows that the pole must also be moving among the stars. 
But the pole is nothing more than the point in which the 
earth’s axis of rotation intersects the celestial sphere: the 
position of this pole in the celestial sphere depends solely 
upon the direction of the earth’s axis, and is not changed by 
the motion of the earth around the sun. Hence precession 
shows that the direction of the earth’s axis is continually 
changing. Careful observations from the time of Hippab- 
OHUS until now show that the change in question consists 
in a slow revolution of the pole of the earth around the pole 
of the ecliptic as projected on the celestial sphere. The 
rate of motion is such that the revolution will be completed 
in between 25,000 and 26,000 years. At the end of this 
period the equinox and solstices will have made a complete 
revolution in the heavens. 


The nature of this motion will be seen more clearly by referring to 
Fig. 82, p. 98. We have there represented the earth in four posi- 
tions during its annual revolution. We have represented the axis as 
inclining to the right in each of these positions, and have described 
it as remaining parallel to itself during an entire revolution. The 
phenomena of precession show that this is not absolutely true, but 
tliat- in reality, the direction of the axis is slowly changing. This 
change is such that, after the lapse of some 6^ years, the north 
polo of the earth, as represented in the figure, will not incline to the 
right, but toward the observer, the amount of the inclination rei^- 
ing nearly the same. The result will evidently be a shifting of the 
seasons. At D we shall have the winter solstice, because the north 
pdle will be inclined toward the observer and therefore from the sun. 
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while at A we shall have the vernal equinox instead of tlie 
solstice, and so on. 

In 6400 years more the north pole will bo inclined toward the left, 
and the seasons will be reversed. Another interval of the siuint 
length, and the north polo will be inclined from the obH<*rv(T. the 
seasons being shifted through another quadrant. Finally, at the 
end of about 25,800 years, the axis will have resumed its «>rigimU 
direction. 

Precession thus arises from a motion of the earth alone and not of 
the heavenly bodies. Although the direction of the earth's axis 
changes, yet the position of this axis relative to t/ie emst of the earth 
remains invariable. Some have supposed that pr<‘ceKHion would 
result in a change in the position of the north pole on the surface of 


ni 

(I 
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the earth, so that the northern regions would bo covered by tlu^ 
ocean as a result of the different direction in which the ocean would 
be carried by the centrifugal force of the earth's rotation. This, how- 
ever, is a mistake. It has been shown that the position of the polc», 
and therefore of the equator, on the surface of the earth, cannot 
change except from some variation in the arrangement of the carth'n 
interior. Scientific investigation has yet shown nothing to indicate 
any probability of such a change. 

The motion of precession is not uniform, but Is subject to several 
small inequalities which are called nutation. 




The Cause oe PsEOEssioir. 

The cause of precession, etc., is illustrated in the figure, which 
shows a spherical earth surrounded by a ring of matter at the equa- 
tor. If the earth were really spherical there would be no preoessioa 
It is, however, ellipsoidal with a protuberance at the equator. The 
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effect of this protuberance is to be examined. Consider the action 
between the sun and earth alone. If the ring of matter were absent, 
the earth would revolve about the sun as is shown in IFig. 33, p. 9 

(Seasons). . , 

We remember that the sun’s N. P. B. is 90® at the equinoxes, and 
66i° and 113^° at the solstices. At the equinoxes the sun is in the 
direction (7m; that is, KCm is 90®. At the winter solstice the sun is 
in the direction Gc;NOcz=: 113^. It is clear that in the latter case 
the effect of the sun on the ring of matter will be to pull it down 
from the direction Cm towards the direction Oo, An opposite effect 
•will be produced by the sun when its polar distance^ is 66i®. 

The moon also revolves round the earth in an orbit inclined to the 
equator, and in every position of the moon it has a different action 
on the ring of matter. The earth is all the time rotating on its axis, 
and these varying attractions of sun and moon are equalized and 
distributed since different parts of tlie earth arc successively presented 
to the attracting body. The result of all the complex motions wo 
have described is a conical motion of the earth’s axis N 0 about the 

line GB. . . . . 

The earth’s shape is not that given in die figure, but it is an ellip- 
soid of revolution. The ring of matter is not confined to the equator, 
hut extends away from it in both directions. The effects of the 
forces acting on tlie earth as it is are however, similar to the effects 
we have described. 
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CELESTIAL MEASUREMENTS OF MASS AND DISTANCM^L 

The Celestial Scale oe MEAStrBEMENX. 

The units of length and mass employed by jiHirouoniers 
are necessarily different from those used in daily life. The 
distances and magnitudes of the heavenly bodies are n<‘ver 
reckoned in miles or other terrestrial moasurcs for nslro- 
nomical purposes; when so expressed it is only for the pur- 
pose of making the subject clearer to the general r(‘ader* 
The units of weight or mass are also, of necessity, astro- 
nomical and not teiTestrial. The mass of a body may 
expressed in terms of that of the sun or of the earth, but 
never in kilogrammes or tons, unless in popular huiguaigt^ 
There are two reasons for this course. One is that in most 
cases celestial distances have first to be dotormined in 
terms of some celestial unit — ^tho earth^s distance from the 
sun, for instance — and it is more convenient to retain thin 
unit than to adopt a new one. The other is that tho 
values of celestial distances in terms of ordinary terreslrhtl 
units are for the most part uncertain, while tho corre- 
sponding values in astronomical units are known with 
great accuracy. 

An extreme instance of this is afforded by the dimensions 
of the solar system. By a series of astronomical observa- 
tions, investigated by means of Kbplee^s laws and tho 
theory of gravitation, it is possible to determine tho forma 
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of the planetary orbits, their positions, and their dimen- 
sions in terms of the earth’s mean distance from the stin 
as the unit of measure, with great precision. Keples’s 
third law enables ns to determine the mean distance of a 
planet from the sun when we know its period of revolu- 
tion. All the major planets, as far out as Satum, have been 
observed through so many revolutions that their periodic 
times can be determined with great exactness — ^in fact 
within a fraction of a millionth part of their whole amount. 
The more recently discovered planets, Uranus and Nep- 
tunc, will, in the course of time, have their periods deter- 
mined with equal precision. Then, if we square the peri- 
ods expressed in years and decimals of a year, and extract 
the cube root of this square, we have the mean distance 
of the planet with the same order of precision. This 
distance is to be corrected slightly in consequence of the 
attractions of the planets on each other, but these correc- 
tions also arc known with great exactness. Again, the 
eccentricities of ihc orbits are exactly determined by care- 
ful observations of the positions of the planets during suc- 
cessive revolutions. Thus we could make a map of the 
planetary orbits so exact that the error would entirely 
elude the most careful scratiny, though the map itself 
might be many yards in extent. 

On the scale of this same map we could lay down the 
magnitudes of the planets with as much precision as our 
instruments can measure their angular semidiameters. 
Thus we know that the mean diameter of the sun, as seen 
from the earth, is 32'; hence we deduce from formula 
already given on pages 5 and b'l that the diameter of the 
sun is .0093083 of the distance of the sun from the earth, 
can therefore, on our supposed map of the solar system, 
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lay down the sun in its true size, according to the scale of 
the map, from data given directly by observation. In the 
same way we can do this for each of the planets, the earth 
and moon excepted. There is no immediate and direct 
way of finding how large the earth or moon would look 
from a planet; whence the exception. 

But without further special research into this subject, 
we shall know nothing about the scale of our map. That 
is, we have no means of knowing how many miles or kilo- 
metres correspond in space to an inch or a foot on the map. 
It is clear that in order to fix the distances or the magni- 
tudes of the planets according to any terrestrial standard, 
we must know this scale. Of course if we can learn either 
the distance or magnitude of any one of the planets laid 
down on the map, in miles or in semidiameters of the 
earth, we shall be able at once to find the scale. But this 
process is so difficult that the general custom of astrono- 
mers is not to attempt to use a scale of miles, but to employ 
the mean distance of the sun from the earth as the unit in 
celestial measurements. Thus, in astronotnical language, 
we say that the distance of Mercury from the sun is 0.387, 
that of Vemis 0.7Ji3, that of Mars 1.523, that of Saturn 
9.539, and so on. But this gives us no information respect- 
ing the distances and magnitudes in terms of terrestrial 
measures. The unknown quantities of our map are the 
magnitude of the earth and its distance from the sun in 
terrestrial units of length. Could we only take up a point 
of observation on the sun or a planet, and determine ex- 
actly the ^gular magnitude of the earth as seen from that 
point, we should be able to lay down the earth of our map 
in its correct size. Then, since we already know the size 
pf the earth in terrestrial units from geodetic surveys we^ 



MEABUBJSMENT8 OF MA88 AND DISTANCE. 161 


should be able to find the scale of our map, and thence 
the dimensions of the whole system in terms of those 
units. 

It will be seen that what the astronomer really wants is 
not so much the dimensions of the solar system in miles as 
to express the size of the earth in celestial measures. 
This, however, amounts to the same thing, because having 
one, the other can be readily deduced from the known 
magnitude of the earth in terrestrial measures. 

The magnitude of the earth is not the only unknown 
quantity on our map. From Kepleu’s laws we can deter- 
mine nothing respecting the distance of the moon from the 
earth, because unless a change is made in the units of time 
and space, they apply only to bodies moving around the 
sun. We must therefore determine the distance of the 
moon as well as that of the sun to be able to complete our 
map on a known scale of measurement. 

Measures oe the Solas ahu Luhae Parallax. 

The problem of distances in the solar system is reduced 
by the preceding considerations to measuring the distances 
of the sun and moon in terms of the earth’s radius. The 
most direct method of doing this is by determining their 
respective parallaxes, which we have shown to be the same 
as the earth’s angular semidiameter as seen from them. 
In the case of the sun, the required parallax can be deter- 
mined as readily by measuring the parallaxes of any of the 
planets as by measuring that of the sun, because any one 
measured distance on the map will give us the scale of our 
map. IsTow, the planets Venus and Mars occasionally 
come much nearer the earth than the sun ever does, and 
parallaxes also admit of more exact measurement. 
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The parallax of the sun is therefore determined not by ob- 
servations on the sun itself^ but on these two planets# 

The general in-inciples of the method of determining the 
parallax of a planet by simultaneous observations at distant 
stations will be seen by referring to the figure. If two 
observers, situated at and S'% make a simultaneous 
observation of the direction of the body it is evident 
that the solution of a plane triangle 8'S^'P will give the dis- 
tance of P from each station. In practice, however, it would 
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be impracticable to make simultaneous observations at 
distant stations; and as the planet is continually in motion, 
the problem is a much more complex one than that of 
simply solving a triangle. 

This is the method of determining the parallax of the 
moon. Bjiowing the actual figure of tlie earth, observa* 
tions of the moon made at stations widely separated in 
latitude, as Paris and the Gape of Good Hope, can be com- 
bined so as to give the parallax of the moon and thus its 
distance. On precisely the same principles the parallaxes 
of Venus or h8»ve been determined. 
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Solar Parallax from Transits of Teati«.—Wlu*n VmuH im ut inferior 

couj unction she is between tine sun and tlieearth. If li<*r orbit lay 
in the ecliptic, she would be projected on th<‘ sun h (iisk ut every in- 
ferior conjunction. The inclinution of her orbit is, in fuel, ubtml \ 
and thus tramiU of VetiuB occur only when sin* is near the no<h‘ of 
her orbit at the time of inferior conjunetion. In 411* let /(/, 1 , B 
be the earth, Ve?iu,% and the sun. J) G ia orbit. An observer 

^will see Venns impinge on the sun’s disk ut A be juM intenially 
tangent at 11^ move across the disk to /// ami oil at / I . Himihtr 
phenomena will occur for -4 at 1, il, JJ, 4. \Vh<»n .1 sees at </, 

will see her at ^ 6 is the parallax of jV/zutf \\ ith revpeiit to tite 
change of position A B. (Bee page hO.) n h : .4 // :: T u \ T .4 j btit 
VA : asl;2^ nearly (sec table p. 19S, Jhl eohiiim). a b there- 

fore occupies on the sun’s disk a spa<‘e lim<*s as htrgt* tis the earth’s 
diameter. If wo memure the angular dimeitsion ah in any way, 
and divide the resulting angle by 21, we shall have the angle sub 
louded at the sun by the earth’s diamder; or if we divide it by 5, 
the angle subtended by the earth’s nuliun. This is tiothlng but the 
sun’s parallax. (See juigo 67.) 

The angular space ab can bo directly mrasttred at a truttslt of 
Venm, or it may be calculated when we know the lengtii of the 
chords JJy Illy and 2, 8. The length of each chord Is Uttowu by ob- 




rV) 

liv 



^ T: 

\ ‘ 

V I 

f 0- 

' v^- 



B 


-.1 ’ ■■ ■ 



Fia. 40*. 


serving the interval of time elapsed from phaae // to phawi ///, <»r 
better by observing all four phases and making the proper aUowttucoa. 

Other Methods of Determining Solar ParaUas:.“A very 
interesting and probably the most iiocurato m<‘i.liod of 
measuring the sun’s distance depends upon a knowlodgo of 
the velocity of light. Wo shall hereafter see that tho time 
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required for light to pass from the sun to the earth is known 
with considerable exactness, being very nearly 498 seconds. 
This time can be determined still more accurately. If 
then we can determine experimentally how many miles or 
kilometres light moves in a second, we shall at once have 
the distance of the sun by multiplying that quantity by 
498. The velocity of light is about 300,000 kilometres 
per second. This distance would reach about eight times 
around the earth. It is seldom possible to see two points 
on the earth’s surface more than a hundred kilometres 
apart, and distinct vision at distances of more than twenty 
kilometres is rare. Hence to determine experimentally the 
time required for light to pass between two terrestrial sta- 
tions requires the measurement of an interval of time 
which, even under the most favorable cases, can be only a 
fraction of a thousandth of a second. Methods of doing 
it, however, have been devised, and the velocity of light 
would seem to be about 299,900 kilometres per second. 
Multiplying this by 498, we obtain 149,350,000 kilometres 
(a little less than 93,000,000 miles) for the distance of the 
sun. The time required for light to pass from the sun to 
the earth is still uncertain by nearly a second, but this 
value of the sun^s distance is probably the best yet ob- 
tained. The corresponding value of the sun’s parallax is 
8'. 81, 

Yet other methods of determining the sun’s distance 
are given by the theory of gravitation. It is found by 
mathematical investigation that the motion of the moon is 
subject to several inequalities, having the sun’s horizontal 
parallax as a factor. If the position of the moon could be 
determined by observation with the same exactness that 
the position of a star or planet can (which it cannot be). 
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this would probably afford the most accurate method of 
determining the solar parallax. 

Brief History of Determinations of the Solar Parallax.— The determi- 
nation of the distance of the sun must at all times have been one of 
the most interesting scientific problems presented to the human mind. 
The first known attempt to effect a solution of the problem was made 
by Aristarchus, who flourished in the third century before Christ. 
It was founded on the principle that the time of the moon’s first 
quarter will vary with the ratio between the distance of the moon 
and sun, which may be shown as follows. In Fig. 50 let E represent 
the earth, M the moon, and S the sun. Since the sun always 
illuminates one half of the lunar globe, it is evident that when one 



Fig. 60. 


half of the moon’s disk appears illuminated the triangle E MS must 
be right angled at M. The angle MES can be determined by 
measurement, being equal to the angular distance betw'eim the sun 
and the moon. Having two of the angles, the third can ho deter- 
mined, because the sum of the three must make two right angles. 
Thence we shall have the ratio between E M, the distance of the moon, 
and ESy the distance of the sun, by a trigonometrical computation. 
Then knowing the distance of tlie moon, which <‘an be determined 
with comparative ease (see page 162), we have the distanec of the sun 
by multiplying by this ratio. Aristarchus concluded, from his 
supposed measures, that the angle MES was three degrees less than 

EM 1 

a right angle. We should then have very nearly, since 8® 

is ^ of 57® and ES (see page 6). It would follow from this 
that the sun wae 19 tinHes the distance of tjie nioon. now knp^ 
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that this result is entirely wrong, and that it is so because it is im- 
possible to determine the time when the moon is exactly half illumi- 
nated with any approach to the accuracy necessary in the solution of 
the problem. In fact, the greatest angular distance of the earth and 
moon, as seen from the sun — that is, the angle E 8 only about 
one quarter the angular diameter of the moon as seen from the 
earth. 

The second attempt to determine the distance of the sun is men- 
tioned by Ptolemy, though Hipparchus may be the real inventor 
of it. It depends on the dimensions of the earth^s shadow-cone dui- 
ing a total eclipse of the moon. It is only necessary to state the 
result, which was that tlie sun was situated at the distance of 1210 
radii of the earth. This result, like the former, was due only to 
errors of observation. So far as all the methods known at the time 
could show, the real distance of the sun appeared to be infinite; 
nevertheless Ptolemy’s result was received without question for 
fourteen centuries. 

The first really successful measure of the parallax of a planet was 
made upon Mdrs during the opposition of 1672, by the first of the 
two methods already described. An expedition was sent to the 
colony of Cayenne to observe the declination of the planet from 
night to night, while corresponding observations were made at the 
Paris Observatory. From a discussion of these observations, Cas- 
sini obtained a solar parallax of 9''. 6, which is within a second of 
the truth. The next steps forward were made by the transits of 
Venus in 1761 and 1769. The leading civilized nations caused obser- 
vations on these transits to be made at various points on the globe. 
The method used was very simple, consisting in the determination 
of the times at which Venus entered upon the sun’s disk and left it 
again. The absolute times of ingress and egress, as seen from differ- 
ent points of the globe, might differ by 20 minutes or more on ac- 
count of parallax. The results, however, were found to be discord- 
ant. It was not until more than half a century had elapsed that the 
observations were systematically calculated by Enckb of Germany, 
who concluded that the parallax of the sun was 8^^ .678, and the dis- 
tance 95 millions of miles. 

In 1854 it began to be suspected that Enoke’s value of the parallax 
was much too small. Hansen, from the theory of the moon, found 
the parallax of the sun to be 8". 916, This result seemed to be con- 
firmed by other observations, especially those of Ma/ra during 1862. 
It was therefore concluded that the sun’s parallax was probably be- 
tween 8" . 90 and 9" . 00. Subsequent researches have, however, been 
diminishing this value. In 1867, from a discussion of all the data 
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which were considered of value, it vras concluded by one of the 
writers that the most probable parallax was 8". 848. The measures 
of the velocity of light reduce this value to 8". 81, and it is now 
doubtful whether the true value is any larger than this. 

All we can say at present is that the solar parallax is probably be- 
tween 8". 79 and 8". 83, or, if outside these limits, that it can be very 
little outside. 


Eelative Masses oe the Sue and Pianets. 


In estimating celestial masses as well as distances, it is necessary 
to use "what we may call celestial units; that is, to take the mass of 
some celestial body as a unit, instead of any multiple of the pound or 
kilogram. The reason of this is that the ratm between the masses 
of the planetary system, or, which is the same thing, the mass of 
each body in terms of that of some one body as the unit, can be de- 
termined independently of the mass of any one of them. To express 
a mass in kilogrammes or other terrestrial units, it is necessary to find 
the mass of the earth in such units, as already explained This, 
however, is not necessary for astronomical purposes, where only the 
relative masses of the several planets are required. In estimating 
the masses of the individual planets, that of the sun is generally 
taken as a unit. The planetary masses will then all be very small 
fractious. 



Hasses of the Earth and Sun.— The mass of the earth is connected 
by a very curious relation with the parallax of the sun. Knowing 
the latter, we can determine the mass of the stm relative to the earth, 
which is the same thing as determining the aslronoinieal mass of the 
earth, that of the sun being unity. This may be clearly seen by re- 
flecting that when wc know the radius of the earth’s orbit w'o can 
determine how far the earth moves aside from a straight lino in one 
second in consequence of the atlracjtion of the sun. This motion 
measures the attractive force of the sun at the distance of the earth. 
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Comparing it with the attractive force of the earth, and making 
allowance for the difference of distances from centres of the two 
bodies, we determine the ratio between their masses. 

The following table shows, for different values of the solar paral- 
lax, the corresponding ratio of the masses, and distance of the sun m 
terrestrial measures : 


SOLAB 

Parallax 

pf/ 

M 

m 

8’. 77 

335684 

8". 78 

334538 

8\79 

333398 

8^80 

332262 

8". 81 

831133 

8^82 

330007 

8^83 

838887 


Distakoe op the 


In equatorial 
radu of the 
earth. 

In millions 
miles. 

23519 

93 . 208 

23493 

93 . 102 

28466 

99.996 

23439 

99.890 

23413 

99.786 

28386 

99.680 

23360 

99.575 


SmJ 


In millions of 
kilometres. 


150.001 

149.830 

149.6(50 

148.490 

149.330 

149.161 

148.983 


We have said that the solar parallax is probably contained between 
the limits 8". 79 and 8". 83. It is certainly 4ardly more than one or 
two hundredths of a second without them. So, if we wish to ex- 
press the constants relating to the sun in round numbers, we may 
say that — 

Its mcm is 330,000 times that of the earth. 

Its diiitan.ce in miles is 93 millions, or perhaps a little less. 

Its distance in kilometres is probably between 149 and 160 mil- 
lions. 

The masses of the planets with satellites are determined by cal- 
culating what mass a body must have to produce the observed motion 
of the satellites. The planets without satellites have their masses de- 
termined by calculating what mass will produce such perturbations 
of the motions of the other planets as are actually observed. 



CHAPTEE XL 


THE EEPRAOTION AND ABEREATION OF LIGHT AND 

twilight. 

Athosphebic Eebbactiok. 

•When we speak of the place of a planet or star, we nsn- 
ally mean its tme place; i.6., its direction from an ob- 
server situated at the centre of the earth. Wo have shown 
. in the section on parallax how observations which are 
necessarily taken at the surface of the earth are reduced 
to what they would have been if the observer were situated 
at the earth’s centre. We have supposed the star to be 
projected on the celestial sphere in the prolongation of 
the line joining the observer and the star. The ray from 
the star was considered to suffer no deflection in passing 
through the stellar spaces and through the earth’s atmos- 
phere. But from the principles of physics, wo know that 
such a luminous ray passing from an empty space (as the 
stellar spaces probably are), and through an atmosphere, 
must suffer a refraction, as every ray of light is known to 
do in passing from a rare into a denser medium. As we 
seethe star in the direction in which its light enters the 
eye— that is, as we project the star on the celestial sphere 
by prolonging this light-beam backward into space— there 
must be an apparent displacement of the star from refrac- 
tion. 

We may recall a few definitions from physics. The ray which 
leavea the star and impinges on the outer surface of the earth s at- 



A8TB0N0MT. 


170 ' 

mosphere is called the incident my; after its deflection by the atmos- 
phere it is called the refracted ray. The difference between these 
directions is called the astronomical Q*efraciion. If a normal is drawn 
(perpendicular) to the surface of the refracting medium at the point 
where the incident ray meets it, the acute angle between the incident 
ray and the normal is called the angle of incidence, and the acute angle 

between the normal and the refracted 
ray is called the angle of refraction. 
The refraction itself is the difference 
of these angles. The normal and 
both incident and refracted rays are 
in the same vertical plane. In Fig, 
51. 8 A is the ray incident upon the 
surface BAoi the refracting medium 
B'BAN, AO is the refracted ray, 
MN the normal, SAM and GAN 
the angles of incidence and refrac- 
tion respectively. Produce GA back- 
ward in the direction A8': 8AS is 
the refraction. An observer at (7 will 
see the star 8 as if it were at ;S". AS is the apparent direction of 
the ray coming from the star 8, and S is the apparent place of tlic star 
as affected by refraction. 

This explanation supposes the space above BB' in the 
figure to be entirely empty, and the earth’s atmosphere, 
equally dense throughout, to fill the space below B B'. 
In fact, however, the earth’s atmosphere is most dense 
at the surface of the earth, and gradually diminishes in 
density to its exterior boundary. Therefore we must sup- 
pose the atmosphere to be divided into a great number of 
parallel layers of air, and by assuming an infinite num- 
ber of these we may also assume that throughout each one 
of them the air is equally dense. Hence the preceding 
figure will only represent the refraction at a single one of 
these layers. The path of a ray of light through the at- 
mosphere is not a straight lino like A (7, but a curve. We 
may suppose this curve to be represented in Fig. 52, where 
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tlic number of layers has been taken yery small to avoid 
confusing tlie drav^ing. 

Lofc 0 be the centre and A a point of the surface of the 
earth; let Shea star, and Sea ray from the star which is 
refracted at the various layers into which we suppose the 
atmosphere to be divided, and which finally enters the eye 
oC an observer at A in the apparent direction S' A, He 
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will then see the star in the direction S' instead of that of 
6', and SA8', titie refraction, will throw the star nearer 
to his zenith Z, 

The angle 8' A Z is the apparent zenith distance of 8; 
the true zenith distance fA 8 Z A 8, and 8 A may he 
assumed to coincide with 8 c, as for all heavenly bodies 
except the moon it practically does. The line 8e pro- 



172 


ABTRONOMT. 


longed will meet the line AZm & point ahoye A, suppose 
at V, 

ftuantity and Effects of aefraction.— At the zenith the 
refraction is 0, at 45** zenith distance the i*ef faction is about 
V, and at 90** it is 34' 30"; that is, bodies ab the zenith 
distances of 45** and 90** appear elevated above their true 
places by 1' and 34i' respectively. If the sun has just 
risen — ^that is, if its lower limb is just in apparent contact 
with the horizon— it is in fact entirely below the true 
horizon, for the refraction (35') has elevated its centre by 
more than its whole apparent diameter (32'). 

The moon is full when it is exactly opposite the sun, 
and therefore, wei’e there no atmosphere, moon-rise of a 
full moon and sunset would be simultaneous. In fact, 
both bodies being elevated by refraction, we see the full 
moon risen before the sun has set. On April 20th, 1837, 
the full moon rose eclipsed before the sun had set. 


TwmaHT. 

It is plain that one effect of refraction is to lengthen the 
duration of daylight by causing the sun to appear above 
the horizon before the time of his geometrical rising and 
after the time of true sunset. 

Daylight is also prolonged by the reflection of the sun's 
rays (after sunset and before sunrise) from the small parti- 
cles of mhtter suspended in the atmosphere. This pro- 
duces a gaieral though faint illumination of the atmos- 
phere, just as the light scattered from the floating particles 
of dust illuminated by a sunbeam let in through a crack 
in a shutter may brighten the whole of a darkened room. 

The sun's direct rays do not reach an observer on the 
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earth after the instant of sunset, since the solid body of 
the earth intercepts them. But the sun’s direct rays 
illuminate the clouds and the suspended particles of the 
upper air, and are reflected downwards so as to produce a 
general illumination of the atmosphere. 

In the figure let ABCDU the earth and A an observer 
on its surface, to whom the sun 8 is just setting. ^ a is 
the horizon of A; Bl of B; Oc of C; BdoiD. Let the 
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circle PQR represent the upper layer of the atmosphere. 
Between A BOD and PQR the air is filled with sus- 
pended particles which will reflect light. The lowest ray 
of the sun, 8 A ilf, just grazes the earth at A j the higher 
rays 8 N mi 80 strike the atmosphere above A and leave 
it at the points Q and R. Each of the lines 8 A P M, 
iSQJV, is bent from a straight course by refraction, but 
SR 0 Vi not bent since it just touches the upper limits of 
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the atmosphere. The space MABODE is the eartVs 
sliadoYsr. An observer at A receives the (last) direct rays 
from the snn, and also has his sky illuminated by the reflec- 
tion from all the particles lying in the space PQRT 
which is all above his horizon A a» 

An observer at B receives no direct rays from the sun. 
It is after sunset. Nor does he receive any light from all 
that portion of the atmosphere below A P M; but the por- 
tion P Rx, which lies above his horizon Bi, is lighted by 
the sun’s rays, and reflects to a portion of the incident 
rays. 

This tioiliglii is strongest at R, and fades away gradu- 
ally toward P. The altitude of the twilight is I d. 

To an observer at 0 the twilight is derived from the 
illumination of the portion PQz which lies above his 
horizon Gc, The altitude of the twilight is c d. 

To an observer at D it is night. All of the illuminated 
atmosphere is below his horizon D d. 

The student should notice for himself the twilight arch 
which appears in the west after sunset. It is more marked 
in summer than in winter; in high latitudes than in low 
ones. There is no true night in England in midsummex*, 
for example, the morning twilight beginning before the 
evening twilight has ended ; and in the torrid zone there 
is no perceptible twilight. Twilight ends when the sun 
reaches a point 20° below the horizon. 

ABEBBAHON AST) THE MOTIOK OF XlUHT. 

Besides refraction, there is another cause which prevents 
our seeing the celestial bodies exactly in the true direction 
in which they lie from us; namely, the progressive mo- 
tion of light. We see objects only by the light which 
emanates from them and reaches our eyes, and we know 
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that this light requires time to pass over the space -which 
separates us from the luminous object. After the ray of 
light once leaves the object, the latter may move away, or 
oven bo blotted out of existence, but the ray of light 
will continue on its course. Consequently when we look 
at a star, we do not see the star that now is, but the star 
that was several years ago. If it should be annihilated, we 
should still see it during the years which would be required 
for the last ray of light emitted by it to reach us. The 
velocity of light is so great that in all observations of tei*- 
rostrial objects our vision may be regarded as instantane- 
ous. But in celestial observations the time required for 
tho light to reach us is quite appreciable and measurable. 

The discovoi'y of the propagation of light is among the 
most remarkable of those made by modern science. The 
fact that light requires time to travel was first learned by 
tho observations of tho satellites of J%ipiter. (See Fig. 73.) 
Owing to the gi-eat magnitude of this planet, it casts a much 
loiiger and larger shadow than our earth does, and its inner 
satellite passes through this shadow and is eclipsed, at every 
revolution. These eclipses can be observed from the earth, 
the satellite vanishing from view as it enters the shadow, 
and reappearing when it leaves it again. The astronomers 
of tho seventeenth century made a careful study of the mo- 
tions of those bodies. It was, however, necessary to con- 
struct tables by which the times of the eclipses could be pre- 
dicted. It was found by Eobmbb that these times depended 
on tho distance of Jupiter from the earth. If he made his 
tables agree with observations when the earth was nearest 
Jupiter, it was found that as the earth receded from Jupxter 
in its annual course around the sun, the eclipses were con- 
stantly seen later, until, when at its greatest distance, the 
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times appeared to be 22 minutes late. Eoemee saw that it 
was in the highest degree improbable that the actual motions 
of the satellites should be affected with any such inequality; 
he therefore propounded the bold theory that it took time 
for light to come from Jupiter to the earth. The extreme 
differences in the times of the eclipse being 22 minutes, he 
assigned this as the time required for light to cross the 
orbit of the earth, and so concluded that it came from the 
sun to the earth in 11 minutes. This estimate was too 
great; the true time for this passage being about 8 minutes 
and 18 seconds. 

Discovery of Aberration. — This theory of Eobmer was 
not fully accepted by his contemporaries. But in the year 
1729 the celebrated Bra.dlet, afterward Astronomer Eoyal 
of England, discovered a phenomenon of an entirely dif- 
ferent character, which confirmed the theory. He was 
then engaged in making observations on the star y Dra-^ 
conis in order to determine its parallax. The effect of 
parallax would have been to make the declination of the 
star gi’eatest in June and least in December, while in 
March and September the star would occupy an interme- 
diate or mean position. But the result was entirely dif- 
ferent. The declinations of June and December wei’e the 
same, showing no effect of parallax; but instead of remain- 
ing constant the rest of the year, the declination was some 
40 seconds greater in September than in March, when the 
effect of parallax would be the same. This showed that 
the direction of the star appeared different, not according 
to the position of the earth in its orbit, but according to 
the direction of the earth^s motion around the sun, the 
star being apparently displaced in this direction. 

To show how this is, let be the optical axis of a 
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telescope, and 8 a star from -which emanates a ray moving 
in the tme direction 8AB'. Per- 
haps the student -will have a clearer 
conception of the subject if he imag- 
ines AB to be a rod -which an ob- 
server at B seeks to point at the star 
8. It is evident that he will point 
this rod in such a way that the ray 
of light shall run accurately along its 
length. Suppose now that the ob- 
server is moving from B toward B' 
with such a velocity that ho moves 
from B to B’ during the time required for a ray of light to 
move from A to B\ Suppose, also, that the ray of light 
8A roaches A at the same time that the end of his rod 
does. Then it is clear that while the rod is moving from 
the position .45 to the position A'B', the ray of light 
will move from A to B', and will therefore run accurately 
along the length of the rod. For instance, if I is one third 
of the way from B to B', then the light, at the instant of 
the rod taking the position h a, will be one third of the way 
from A to B', and will therefore be accurately on the rod. 
Consequently, to the observer, the rod will appear to be 
pointed at the star. In reality, however, the pointing will 
not bo in the true direction of the star, but will deviate 
from it by a certain angle depending upon the ratio of the 
velocity with which the observer is carried along to the 
velocity of light. This presupposes that the motion of the 
observer is at right angles to that of a ray of light. I 
this is not his direction, we must resolve his velocity into 
two components, one at right angles to the ray and one 
parallel to it. The latter will not affect the apparent dx- 
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roction of the star, which will therefore depend entirely 
upon the former. 

Effects of Aherration. — The apparent displacement of 
the heavenly bodies thus produced is called the aherration 
of light. Its effect is to cause each of the fixed stars to 
describe an apparent annual oscillation in a very small orbit. 
The nature of the displacement may be conceived of in the 
following way: Suppose the earth at any moment, in the 
course of its annual revolution, to be moving toward a 
point of the celestial sphere, which we may call P. Then 
a star lying in the direction P or in the opposite direction 
will suffer no displacement whatever. A star lying in any 
other direction will be displaced in the direction of the 
point P by an angle depending upon its angular distance 
from P. At 90° from P the displacement will be a maxi- 
mum. 

Uow, if the star lies near the pole of the ecliptic, its di- 
rection will always be nearly at right angles to the direc- 
tion in which the earth is moving. A little consideration 
will show that it will seem to describe a circle in conse- 
quence of aberration. If, however, it lies in the plane of 
the earth’s orbit, then the various points toward which the 
earth moves in the course of the year all lying in the eclip- 
tic, and the star being in this same plane, the apparent 
motion will be an oscillation back and forth in this plane, 
and in all other positions the apparent motion will be in an 
ellipse more and more flattened as we approach the ecliptic. 
The maximum displacement of a star by aberration is 20'. 44. 

The connection between the velocity of light and the dis- 
tance of the sun is such that knowing one we can infer the 
other. Let us assume, for instance, that the time required 
for light to reach us from the sun is 498 seconds, which 
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is probably accurate within a single second. Then know- 
ing the distance of the sun, we may obtain the velocity 
of light by dividing it by 498. But, on the other hand, 
if wc can determine how many miles light moves in a 
second, wc can thence infer the distance of the sun by 
multiplying it by the same factor. During the last cen- 
tury the distance of the sun was found to be certainly be- 
tween 90 and 100 millions of miles. It was therefore 
correctly concluded that the velocity of light was some- 
thing loss than 200,000 miles per second, and probably 
between 180,000 and 200,000. This velocity has since 
been determined more exactly by the direct measurements 
at the surface of the earth already mentioned. 



CHAPTER XII. 


CHTtONOLO&T. 

ASTBOUOMICAL MEASTIMIS OT TEKB. 

The intimate relation of astronomy to the daily life of 
mankind has arisen from its affording the only reliable and 
accurate measure of intervals of time. The fundamental 
units of time in all ages have been the day, the month, and 
the year, the first being measured by the revolution of the 
earth on its axis, the second, primitively, by that of the 
moon around the earth, and the third by that of the eai-th 
round the snn. 

Of the three units of time just mentioned, the most nat- 
ural and striking is the shortest; namely, the day. It is 
so nearly uniform in length that the most refined astro- 
nomical observations of modern times have never certainly 
indicated any change. This uniformity, and its entire 
freedom from all ambiguity of meaning, have always made 
the day a common fundamental unit of astronomers. Ex- 
cept for the inconvenience of keeping count of the great 
number of days between remote epochs, no greater unit 
would ever have been necessary, and we might all date oui 
letters by the nnmber of days after Oheist, or after any 
other fixed date. 

The difficulty of remembering great numbers is such 
that a longer unit is absolutely necessary, even in keeping 
the reckoning of time for a single generation. Such a unit 
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is the year. The regular changes of seasons in all extra- 
tropical latitudes renders this unit second only to the day 
in the prominence with which it must have struck the 
minds of primitive man. These changes are, however, so 
slow and ill-marked in their progress that it would have 
been scarcely possible to make an accurate determination 
of the length of the year from the observation of the sea- 
sons. Here astronomical observations came to the aid 
of our progenitors, and, before the beginnings of histoi 7 , 
it was known that the alternation of seasons was due to 
the varying declination of the sun, as the latter seemed 
to perform its annual course among the stars in the 
“ oblique circle” or ecliptic. The seasons were also marked 
by the positiem of certain bright stars relatively to the sun; 
that is, by those stars rising or setting in the morning 
or evening twilight. Thus arose two methods of measur- 
ing tlio length of the year — the one by the time when the 
sun crossed the equinoxes or solstices, the other when it 
seemed to pass a certain point among the stars. As we 
have already explained, these years were slightly different, 
owing to the precession of the equinoxes, the first or equi- 
noctial year being a little less and the second or sidereal 
year a little greater than 3C5J days. 

The number of days in a year is too great to admit of 
their being easily remembered without any break; an 
intermediate period is therefore necessary. Such a period 
is measured by the revolution of the moon around the 
earth, or, more exactly, by the recurrence of now moon, 
which takes place, on the average, at the end of nearly 
29|' days. The nearest round number to this is 30 days, 
and 12 periods of 30 days each only lack 6i days of being 
a year. It has therefore been common to consider a year 
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as made up of 13 months, the lack of exact correspondence 
being filled by various alterations of the length of the 
month or of the year, or by adding surplus days to ea^h 
year. 

The true lengths of the day, the month, and the year 
haying no common divisor, a difficulty arises in attempting 
to make months or days into years, or days into months, 
owing to the fx'actions which will always bo loft over. At 
the same time, some rule bearing on the subject is neces- 
sary in order that people may be able to remember the year, 
month, and day. Such rules are found by choosing some 
cycle or period which is very nearly an exact number of 
two units, of months and of days for example, and by 
dividing this cycle up as evenly as possible. 


rOEMATIOK 01* CALElSmAES. 

The months now or heretofore in use among the peoples of the 
globe may for the most part be divided into two classes: ^ 

(1) The lunar month pure and simple, or the mean interval be- 
tween successive new moons. 

(2) An approximation to the twelfth part of a year, without respect 
to the motion of the moon. 

The lunar Month.— The mean interval between consecutive new 
moons being nearly 29^ days, it wtxs common iu the use of the pure 
lunar month to have months of 29 and 80 days alternately. This 
supposed period, however, will fall short by a day in about 2i years. 
This defect was remedied by introducing cycles containing rather more 
months of 30 than of 29 days, the small excess of long months being 
spread uniformly through the cycle. Thus the Greeks had a cycle 
of 235 months, of which 125 were full or long months, and 110 were 
short or deficient ones. We see that the length of this cycle was 
6940 days (125 X 30 + 110 X 29), whereas the length of 235 true lunar 
months is 235 X 29.53088 = 6939.688 days. The cycle was therefore 
too long by less than one third of a day, and the error of count would 
amount to only one day in more than 70 years. The Mohammedans, 
again, took a cycle of 360 months, which they divided into 169 short 
and 191 long ones. The length of this cycle was 10681 days, while 
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the true length of 360 lunar naonths is 10631.012 days. The count 
would therefore not be a day in error until the end of about 80 
cycles, or nearly 23 centuries. This month therefore follows the 
moon closely enough for all practical purposes. 

Months other than Lunar. — The complications of the system just 
described, and the cousequent difficulty of making the calendar 
mouth represent the course of the moon, are so great that the pure 
lunar month was generally abandoned, except among people whose 
religion required important ceremonies at the time of new moon. In 
such cases the year has been usually divided into 12 months of 
slightly different lengths. The ancient Egyptians, however, had IS 
mouths of 30 days each, to which they added 5 supplementary days 
at the clos<‘, of each year. 

Kinds of Year.— As we find two different systems of months to 
have been used, so we may divide the calendar years into three 
classes, namely: 

(1) The lunar year, of 12 lunar months. 


(S) 'Fhe solar year. 

(3) The combined 1 uni-solar year. 

The Lunar Year.— We have already called attention to the fact that 
the time, of recurrence of the year is not well marked except by 


astronomical plienonuuia which the casual observer would hardly 
remark. But the time of new moon, or of beginning of the month, 
is always well marked. Consequently it was very natural for people 
to b(‘gin by considering the year as made up of twelve lunations, the 
error of eleven days being tinnoticeable in a single year unless care- 
ful ustrouoTuical observations were made. Even when this error was 
fully recognized, it might be considered better to use the regular 
year of 12 lunar months than to use one of an ii-regular or varying 
number of months. The Mohammedans use such a year to this day. 

The Solar Year.— In forming this year, the attempt to measure the 
year by revolutions of the moon is entirely abandoned, and its length 
is made to depend entirely on the change of the seasons. The solar 
year thus indicated is that most Tised in both ancient and modern 
times, llrt length has been known to be nearly 365i days^ from the 
times of the earli(‘Ht astronomers, and the system adopted in cal- 
endar of having three years of 865 days each, followed by one of 866 
days, has been employed in China from the remotest histmc times. 
This year of 86.5i days is now called by us the Julian Tear, after 
JtjMUS CjWSau, from whom we obtained it. 

The Metonic Oyde.— These consideralions will enable us to under- 
stand Uie origin of our own calendar. We begin with the Metomc 
Cycle of the ancient Greeks, which still regulates some religious fes- 
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tivals, although it has disappeared from our civil reckoniug of time. 
The necessity of employing lunar months caused the Greeks great 
difficulty in regulating their calendar so as to accord with their rules 
for religious feasts, until a solution of the problem was found by 
Meton, about 433 b.o. The discovery of Meton was that a period 
or cycle of 6940 days could be divided up into 285 lunar months, and 
also into 19 solar years. Of these months, 125 were to be of 30 days 
each and 110 of 29 days each, which would, in all, make up the re- 
quired 6940 days. To see how nearly this rule represents the actual 
motions of the sun and moon, we remark that : 


235 lunations require 

19 Julian years require. . . 
19 true solar years require 


Days. 

Hours. 

Min. 

6939 

16 

31 

6989 

18 

0 

6939 

14 

27 


We see that though the cycle of 6940 days is a few hours too 
long, yet if we take 235 true lunar months, we find their whole dura- 
tion to be a little less than 19 Julian years of 865i days each, and a 
little more than 19 true solar years. 

The problem was to take these 285 months and divide them up 
into 19 years, of which 12 should have 12 months each and 7 
should have 13 months each. The long years, or those of 18 months, 
were probably those corresponding to the numbers 8, 5, 8, 11, 18, 16, 
and 19, while the first, second, fourth, sixth, etc., were short years. 
In general, the months had 29 and 80 days alternately, but it was 
necessary to substitute a long month for a short one every two or 
three years, so that in the cycle there should be 125 long and 110 
short months. 

Golden Kiunber. — This is simply the number of the year in the 
Metonic Cycle, and is said to owe its appellation to the enthusiasm 
of the Greeks overMETON’s discovery, the authorities having ordered 
the division and numbering of the years in the new calendar to be 
inscribed on public monuments in letters of gold. The rule for find- 
ing the golden number is to divide the number of the year by 19 and 
add 1 to the remainder. From 1881 to 1899 it may be found by sim- 
ply subtracting 1880 from the year. It is employed in our church 
calendar for finding the time of Easter Sunday. 

The JnJiaii Calendar. — The civil calendar now in tise throughout 
Christendom had its origin among the Romans, and its foundation 
was laid hy Julius C^assAB. Before his time, Rome can hardly be 
said to have had a chronological system, the length of the year not 
being prescribed by any invariable rule, and being therefore changed 
from time to time to suit the caprice or to compass the ends of the 



CHRONOLOGY. 


186 


rulers. Instances of this tampering disposition are familiar to the 
hislorictil student. It is said, for instance, that the Gauls having to 
pay a certain monthly tribute to the Romans, one of the governors 
ordered the year to he divided into 14 months, in order that the pay- 
days might recur more rapidly. A. year was fixed at 865 days, with 
the addition of one day to every fourth year. The old Roman months 
were afterward adjusted to the Julian year in such a way as to give 
rise to the somewhat irregular arrangement of months which we now 
have. 

Old and Rew Styles. — The mean length of the Julian year is 365i 
days, about Hi minutes greater than that of the true equinoctial 
year, which measures the recurrence of the seasons. This difference 
is of little practical importance, as it only amounts to a week in a 
thousand years, and a change of this amount in that period is pro- 
ductive of no inconvenience. But, desirous to have the year as cor- 
rect as possible, two changes were introduced into the calendar by 
Pope GttKGOiiY XIII. with this object. They were as follows : 

(1) The day following October 4, 168S, was called the 16th instead 
of the 5th, thus advancing the count 10 days. 

(2) The closing year of each century, 1600, 1700, etc., instead of 
being always a leap-year, as in the Julian calendar, is such only 
when the number of the century is divisible by 4. Thus while 1600 
remained a leap-year, as before, 1700, 1800, and 1900 were to be 
common years. 

This change in the calendar was speedily adopted by all Catholic 
countries, and more slowly by Protestant ones, England holding out 
until 1762. In Russia it has never been adopted at all, the Julian 
calendar being still continued without change. The Russian reckon- 
ing is Ihereforo 12 days behind ours, the ten days dropped in 1582 
being increased by the days dropped from the years 1700 and 1800 in 
the new reckoning. Tlii's modified calendar is called the Gregorian 
Calendar, or New Style, while the old system is called the Julian 

Calendar, or Old Style. ^ 

It is to bo remarked that the practice of commencing the year on 
January Ist was not universal until comparatively recent times. The 
most common limes of commencing were, perhaps, March 1st 
March 22d, the latter being the time of the vernal equinox. But 
January Ist gmdually made its way, and became universal after its 

adoption by England in 1752. ^ ^ t 

Solar Cycle and Dominical letter.— In our church calendars Janu- 
ary Ist is marked by the letter A. January 3d by B, and so on to G, 
wkea the seven letters begin over again, and are repeated through 
Oie year in the same order. Each letter there indicates the same day 
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of the week throughout each separate year, A indicating the day on 
which January 1st falls, B the day following, and so on. f-n e“®P- 
tion occurs in leap years, when Fehniary 39lh and Marc ® 
marked by the same letter, so that a change occurs at the beginning 
of March. The letter corresponding to Sunday on this scheme is 
called the Dominical or Sunday letter, and when we once know 
what letter it is, all the Sundays of the year are indicated by that 
letter, and hence all the other days of the week by their letters. I 
leap-years there will be two Dominical letters, that for the last ten 
months of the year being the one next preceding t ® ® iBttpr 
January and February. In the Julian calendar 
must always recur at the end of SSjears (besides three r 
at unequal intervals in the mean time). This 
solar cyeU, and determines the days of the week on which the days 

of the month fall during each year. * ^ 

Since any day of any year occurs one day later m the ^^ek than 
it did the year before, or two days later when a 29th ot February 
has intervened, the Doininic-al letters recur in the order W, J), Ji, 

C, B, A, <5, etc. Tiiis may also be expressed by saying that any day 
of a past year occurred one day earlier in the week for 
that has elapsed, and, in addition, one day earlier for every 29lh of 
Februaiy that has intervened. This fact will make it easy to calcu- 
late the day of the week on which any historical event happeneu 
from the day corresponding in any past or future year. Let us e 


the following example: i i - rr 

On what day of the week was Washitj^gton horn, the (late Deing 
1732, February 22d, knowing that February 22d, 1879, fell on 
Saturday? The interval is 147 years: dividing by 4 we have a 
quotient of 36 and a remainder of 3, showing that, had every fourth 
year in the interval been a leap-year, there were either 36 or 87 leap- 
years. As a February 29th followed only a week after the date, the 
number must be 37;* but as 1800 was dropped from the list of leap- 
years, the number was really only 36 Then 147 + 36 = 183 days 
advanced in the week. Dividing by 7, because the same day of the 
week recurs after seven days, we find a remainder of 1. So 
February 22d, 1879, is one day further advanced than was Febru- 
ary 22d, 1732; so the former being Saturday, Washington was bom 
on Friday. 


* Perhaps the most conTenient way of deciding whether the remainder does 
or does not indicate an additional leap-year is to subtract it from the last date, 
and see whether a February S9th then intervenes. Subtracting 8 years from 
February 22d, 1879, we have February 23d 1876, and a 29th occurs between the 
two dates, only a week after the first. 
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SivisioH OF THE Say. 


The (livi«ion of the day into hours -was, in ancient and mediseval 
tinica, eJIc*t!ted in a "way very different from that which we practise. 
Arlilicial Uine-keepers not being in general use, the two funda- 
menlal inoments were sunrise and sunset, which marked the day as 
(liHliuot froxix the night. The first subdivision of this interval was 
marked by the instant of noon, when the sun was on the meridian. 
The <lay was thus subdivided into two parts The night was 
Himihirly dividetl by the times of rising and culmination of the 
various constellations. Eukipides (480-407 b.c.) makes the chorus 

in liheHHs ask : mi. ^ 

** Cn<)nUB.“-Whose is the guard? Who takes my turn? The Jim 
ugm are netting, and the neven Pleiades are in the sky, and the Eagle 
glides midway through heaven, Awakel Why do you delay? Awake 
from your beds Ui watch I See ye not the brilliancy of the moon? 
Morn, morn indeed is approaching, and hither is one of the forerun- 


ning stars, - 1 . .j j • . j 1 

Tlxc interval between sunrise and sunset was divided into twelve 

wiual parts called liours, and as this interval varied wiih the season, 
tlu* lonirth of the hour varied also. The night, whether long or 
short was divided into hours of the same character, only when the 
night hours were long those of the day were short, and 
'rUese variahle lunirs were called umpm-ary hours. At the tune of 
the equinoxes both the day and the night hours were of 
length with those wo use; namely, the twenty-fourth part of the 
fbiv - those wore therefore called equvnocUal hours, 

InsS .Jcommencing the civil day at midnight, as we do. it was 

tX Z comuoyiml as soon as the sun set on Friday, and ended 
1 u ftiitiirdav This made a more distinctive division 

d.y in ttat -..lol. -nn ..pl?. “'1 “ 

S • i .nd tto « w» aUUnM penrf., to 

'TZ^y U..™ "«"• rj^Sut'S^s 

and the beginning of the nigh^ ^^'the^veninff were marked by the 
in the morning and oc ^uinoctial houirs were 

rising and setting of the su , Tje taken to count from, 

intrmluced, neither sunrise nor ‘ It therefore 

because both varied too tlnie at which the sun 
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Tiiglit each into 12 parts was continued, the first 12 being reckoned 
from midnight to noon, and the second from noon to midnight. The 
day was made to commence at midnight rather than at noon for 
obvious reasons of convenience, although noon was of course the 
point at which the time had to be determined. 

E<]uatioxi of Time. — To any one who studied the annual motion of 
the sun, it must have been quite evident that the intervals between 
its successive passages over the meridian, or between one noon and 
the next, could not be the same throughout the year, because the 
apparent motion of the sun in right ascension is not constant. It 
will he remembered that the apparent revolution of the starry 
sphere, or, which is the same thing, the diurnal revolution of the 
earth upon its axis, may he regarded as absolutely constant for all 
practical purposes. This revolution is measured around in right 
ascension as explained in the opening chapter of this work. If the 
sun increased its right ascension by the same amount every day, it 
would pass the meridian 8“ 66“ later every day, as measured by 
sidereal time, and hence the intervals between successive passages 
would be equal. But the motion of the sun. in right ascension is 
unequal from two causes: (1) the unequal motion of the earth in its 
annual revolution around it, arising from the eccentricity of the 
earth’s orbit, and (2) the obliquity of the ecliptic. How the first 
cause produces an inequality is obvious. The mean motion is 3*" 50* ; 
the actual motion varies from 3“ 48'» to 4 p 4*. 

The effect of the obliquity of the ecliptic is still greater. When 
the sun is near the equinox, the direction of its motion along the 
ecliptic makes an angle of 23^® with the parallels of declination. 
Since its motion in right ascension is measured along the parallel of 
declination, we see that it is less than the motion in longitude. The 
days are then 20 seconds shorter than they would be were there no 
obliquity. At the solstices the opposite effect is produced. Here 
the different meridians of right ascension are nearer together than 
they are at the equator; when the sun moves through one degree 
along the ecliptic, it changes its right ascension by 1®*08; here, 
therefore, the days are about 19 seconds longer than they would be 
if the obliquity of the ecliptic were zero. 

We thus have to recognize two slightly different kinds of days: 
^lar days and mean days. A solar day is the interval of time 
between two successive transits of the sun over the same meridian, 
while a mean day is the mean of all the solar days in a year. If we 
had two clocks, one going with perfect uniformity, but regulated 
80 as to keep as near the sun as possible, and the other changing its 
rate so as to always follow the sun, the latter would gain or lose on 
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tlie former by amounts sometimes rising to 23 seconds in a day. The 
accumulation of these variations through a period of several months 
^vouUl lead to such deviations that the sun-clock would be 14 minutes 
slower than the other during the first half of February, and 16 
minutes faster during the first week in November. The time-keepers 
formerly used were so imperfect that these inequalities in the solar 
day were nearly lost in the necessary irregularities of the rate of the 
clock. All clocks were therefore set by the sun as often as was 
found necessary or convenient. But during the last century it was 
found by astronomers that the use of units of time vaiying in this 
way led to much inconvenience; they therefore substituted mean 

time for solar or apparent time. , ,, , 

Mean lime is so measured that the hours and days shall always be 
of the same length, and shall, on the average, be as much behind the 
sun as ahead of it. We may imagine a fictitious or mean sun mov- 
ing along the equator at the rate of S”- 56- in right ascension every 
dav Mean lime will then he measured by the passage of this 
fictitious sun across the meridian. Apparent time was used m 
ordinary life after it was given up by astronomers, because it was 
very easy to set a clock from time to time as the sun pMsed a noon- 
mark But when the clock was so far improved that it kept much 
l«.tt<>r time than the sun did, it was found troublesome to keep pnt- 
S' toward and forward so as to agree with the sim. Thus 
Sn time was gradually introduced for all the purposes of ordinary 

’‘^Tho common Household almanac should give the equation of time, 
or the mean time at which the sun passes the meridian on each day 
Z t ! X Then if any one wishes to set his clock, he knows the 
of the yt.ar. x nen, j meridian, or when it is at some noon- 

noon, or some other hour a^r P present time the moment 

principal lines of YsT.tnlled o over the principal 

of Wnshingmn noon is signtdled to^^ 

these si^ for the difference of longitude. 



PART II. 

THE SOLAR SYSTEM IN DETAIL 


OHAPTEK I. 

STRUCTUllE OF THE SOLAR SYSTEM. 

The solar system consists of tlie sun as a central body , 
around which revolve the major and minor })lanets, with 
their satellites, a few periodic comets, and an unknown 
number of meteor swarms. These are permanent members 
of the system. At times other comets appear, and move 
usually in parabolas through the system, around the sun, 
and away from it into space again, thus visiting the system 
without being permanent members of it. 

The bodies of the system may be classified as follows : 

1, The central body — the Sun. 

2. The four inner planets — Mercury^ Yeriv^^ the Earth, Mars, 

8. A group of small planets, sometimes called Asteroids, revolving 
outside of the orbit of Mars. 

4. A group of four outer planets — Jupiter, Saturn, Uranus, and 
Neptune, 

5. The satellites, or secondary bodies, revolving about the planets, 
their primaries. 

6. A number of comets and meteor swarms revolving in very 
eccentric orbits about the sun. 

The eight planets of Groups 2 and 4 are sometimes classed to- 
gether as the major planets, to distinguish them from the two hun- 
dred or more minor planets of Group 3. The formal definitions of 
the various classes, laid down by Sir William Heesohbl in 1802, are 
worthy of repetition : 
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Planets are celestial bodies of a certain very considerable size. 
Tlu‘y niove in not very eccentric ellipses about the sun. The planes 
(»f tlieir orbits do not deviate many degrees from the plane of the 
eart.irs orbit. Their motion about the sun is direct (from west to 
(Mist). Tlicy may have satellites or rings. They have atmospheres of 
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cooHiderable extent. wUioh, however bear ^ 

portion to their diameters. Their orbits are at ceitain considerable 

dlsunco* from oaob other. are 

Asteroids, now more generally known as 
ccloalial bodies whifih %bout tb^ s^u ei 
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of considerable eccentricity, the planes of which orbits may be in- 
clined to the ecliptic at any angle whatsoever. They may or may 
not have considerable atmospheres. 

Comets are celestial bodies, generally of a very small mass, though 
how far this may be limited is yet unknown. They move in very 
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eccentric ellipses or in parabolic arcs about the sun. The planes of 
their motion admit of the greatest variety in their situation. The 
direction of their motion is also totally undetermined. They have 
atmospheres of very great extent, which show themselves in various 
forms us tails, coma, haziness, etc. 
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Bolative Sarfaocs of tlie Planets, — The comparative surfaces of the 
major plants, us thoy would appear to an observer situated at an 
e(iunl (listama* fnun all i>f tluun, is .i^iven in the figure on page 191. 

The ndalive ap)>ar<*nt inagnitiules of the sun, as seen from the 
various planets, is sht>\vn in the iigurc on page 193. 

Ehm u’nd Mtu'moxf/fH* are two of the asteroids. 

A etirious relation l»etw<‘(‘n tin* distances of the planets, known as 
law, deserv<*s mention. If to the immbei-s 
0, «, 13, 34, 48. 96. 193, 384, 

eueb id whieh (the stteoml (’xeepLed) is twice the preceding, we add 
4 we obtain the MU'ies 

’ 4 , 7 , 10 , 10 , 38 , 7 ) 3 , 100 , 196 , 388 . 

These last mntibers reprewait approximately the distances of the 
phmets from the stm (<*xeept for Aeptune, which was not discovered 
wlu‘n the ,^»»"e!dletl law was announe(‘d). 


This In ^l^o\^n in the following table : 


Pl.AM.TS. 

Actual 

Distance. 

Bodb’s Law. 


3*9 1 

4-0 


7*3 

7‘0 


10*0 

10-0 


15*3 1 

16-0 


37*7 

28-0 


53*0 

53-0 


95*4 

100-0 


191*8 

'.96-0 


300*4 

388 0 





It, will be observed that XeptKtw does not fall within this ingenious 

Hoheine. /Vtm is one of t lie minor planets. 

Tluf relative bnghtm’ss of tlie snn atul the variovis planets has been 
meusuivil by Zrmi.NKU, and the results are given below. The column 
shows the pereeiitugti of i‘rror indicated in the separate re- 
sults*. 

Bun ANt) 


Moon, 

Mars 

Jupiter. • 
Httlurn (Imll ulono) 

Uramm 

Neptune 
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The differences in the density, size, mass, and distance of the 
several planets, and in the amount of solar li'jht and beat wbicli they 
receive, are immense. The distance of Neptune is eighty times that 
of Mercury, and it receives only as much light and heat from the 
sun. The density of the earth is about six times that of water, while 
Saturn's mean density is less than that of water. 

The mass of tlie sun is far greater than that of any single planet 
in the system, or indeed than the combined mass of all of them. In 
general, it is a remarkable fact that the mass of any given planet ex- 
ceeds the sum of the masses of all the planets of less mass than itself. 
This is shown in the following table, where the masses of the planets 
are taken as fractions of the sun’s mass, which we here express as 
1,000,000,000: 


h 




Uranus. 

£ 


Jupiter. 



3 

a 

1 

i 

1 


i 

1 

Sun. 

Planbts. 

200 

324 

2,353 

1 

1 8,060 

44,250 

61,000 

285,580 

954,305 

1,000,000,000 

Masses. 


The total mass of the small planets, like tludr number, is unknown, 
but it is probably less than one thou.sandth that of our earth, and 
would hardly increase the sum-total of the above masses of the solar 
system by more than one or two units. The sun’s mass is thus over 
700 times that of all the other bodies, and hence the fact of its cen- 
tral position in the solar system is explained. In fact, the centre of 
gravity of the whole solar system is very little outside the body of the 
sun, and will be inside of it when Jupiter and Saturn are in opposite 
directions from it. 

Planetary Aspects. — The motions of the planets about the sun have 
been explained in Chapter Y. From what is there said it appears 
that the best time to see one of the outer planets will be when it is 

opposition; that is, when its geocentric longitude or its right as- 
cension differs 180° or 13^ from that of the sun. At such a time the 
planet will rise at sunset and culminate at midnight. During the 
three months following opposition the planet will rise from three to 
six minutes earlier every day, so that, knowing when a planet is in 
opposition, it is easy to find it at any other time. For example, a 
month after opposition the planet will be two or three hours high 
about sunset, and will culminate about nine or ten o’clock. Of 
course the inner planets never come into opposition, and hence are 
best seen about the times of their greatest elongations. 
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Dimensions of the Solax System.— The figure gives a rough plan of 
part of the solar system as it would appear to a spectator immediately 
above or below the plane of the ecliptic. It is drawn approximate y 
to scale, the mean distance of the earUi (= 1) being half an inca. 
The mean distance of Saiwn would be 4- 77 inches, of Uranw 9 -09 
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inches, of Eeptum 16-08 inches. On the same scale the distance of 
Uienwrssffixed star would bo 108.188 inches, or over one and one half 

The arrangement of the planets and satellites ia, then 


The Inner Group. 
Mercury. 

Yenus. 

Earth and Moon. 
Mars and ^ moons. 


A-sterolds. 

200 minor planets, 
and probably 
many more. 


The Outer Group, 

I Jupiter and 4 moons, 
Saturn and 8 moons. 
Uranus and 4 moons. 
Neptune and 1 moon. 
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To avoid repetitions, the elements of the major planets and othei 
data are collected into the two following tables, to which reference 
should be made by the student. The units in terms of which the vari- 
ous quantities are given are those familiar to us, as miles, days, etc., 
yet some of the distances, etc., are so immensely greater than any 
known to our daily experience that we must have recourse to illus- 
trations to obtain any idea of them at all. For example, the dis- 
tance of the sun is said to be 924 miUion miles. It is of importance 
that some idea should be had of this distance, as it is the unit, in 
terms of which not only the distances in the solar system are ex- 
pressed, but which serves as a basis for measures in the stellar uni- 
verse. Thus when we say that the distance of the nearent star is over 
200,000 times the mean distance of the sun, it becomes necessary to see 
if some conception can be obtained of one factor in this. Of the ab- 
stract number, 92,500,000, we have no conception. It is far too 
great for us to have counted. We have never taken in at one view 
even a million similar discrete ohjecta. The hirg(*st tree has less 
than 500,000 leaves. To count from 1 to 200 requires, with very 
rapid counting, 60 seconds. Suppose this kept up for a day witliotit 
intermission ; at the end we should have counted 288,000, which is 
about - 5 ^ of 92,500,000. Hence over 10 months’ uninterrupted 
counting by night and day would be required simply to enumerate 
the number, and long before the expiration of the task all idea of it 
would have vaTiislied We may take other and perhaps more strik- 
ing examples. We know, for instance, that the time of the fastest 
express-trains between New York and Chicago, which aver,Mg(* 40 
miles per hour, is about a day. Suppose such a train to start for llie 
sun and to continue running at this rapid rate. It would take 308 
years for the journey. Three hundred and sixty- three years ago there 
w’as not a European settlement in America. 

A cannon-ball moving continuously across the intervening space 
at its highest speed would require about nine years to reach tiie sun. 
The report of the cannon, if it could he conveyed to the sun with 
the velocity of sound in air, would arrive there five years after the 
projectile. Such a distance is entirely inconceivable, and yet it is 
only a small fraction of those with w’hich astronomy has to deal, even 
in our own system. The distance of Neptuve is 80 times as great. 

If we examine the dimensions of the various orbs, wa meet almost 
equally inconceivable numbers. The diameter of the sun is 860,000 
miles; its radius is but 480,000, and yet this is nearly twice the mean 
distance of the moon from the earth. Try to conceive, in looking at 
the moon in a clear sky, that if the centre of the sun could be placed 
at the centre of the earth, the moon would be far within the sun’s 



STEUCTUBB OF THE SOLAR SYSTEM, 


197 


surface. Or again, conceive of the force of gravity at the surface of 
the various bodies of the system. At the sun it is nearly 28 times 
that known to us. A pendulum beating seconds here would, if 
transported to the sun vibrate with a motion more rapid than that 
of a watch-balance. The muscles of the strongest man would not 
support him erect on the surface of the sun ; even lying down he 
would crush himself to death under his own weight of two tons. 
^Vc may by these illustrations get some rough idea of the meaning of 
the munbers in these tables, and of the incapability of our limited 
ideas to comprehend the true dimensions of even the solar system. 
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CHAPTEE n. 


THE SUN. 

GEIOIBAL SUDOILAlBY. 

To enable the nature of the phenomena of the sun to be 
clearly understood, we preface our account of its physical 
constitution by a brief summary of its main features. 

Photosphere. — To the simple vision the sun presents the 
aspect of a brilliant sphere. The visible shining surface 
of this sphere is called the pliotosjpJiere, to distinguish it 
from the body of the sun as a whole. The apparently flat 
surface presented by a view of the photosphere is called the 
sun’s dish. 

Spots. — When the photosphere is examined with a tele- 
scope, small dark patches of varied and irregular outline 
are frequently found upon it. These are called the solar 
spots. 

Sotation.— When the spots are observed from day to 
day, they are found to move over the sun’s disk from east to 
west in such a way as to show that the sun rotates on its 
axis in a period of 25 or 36 days. The sun, therefore, has 
axis, poles, and equator, like the earth, the axis being the 
line around which it rotates from west to east. 

^Pacul®. -Groups of minute specks brighter than the 
pneral surface of the sun are often seen in the neighbor- 
hood of spots or elsewhere. They are called faculas. 
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Cliromospliere, or Sierra. — The solar photosphere is cov- 
ered by a layer of glowing vapors and gases of very irregu- 
lar depth. At the bottom lie the vapors of many metals, 
iron, etc., volatilized by the fervent heat which reigns 
there, while the upper portions are composed principally 
of hydrogen gas. This vaporous atmosphere is commonly 
called the chromosphere, sometimes the sierra* It is en- 
tirely invisible to direct vision, whether with the telescope 
or naked eye, except for a few seconds about the beginning 
or end of a total eclipse, but it may be seen on any clear 
day through the spectroscope. 

Prominences, Protuberances, or Red Plames. — The gases 
of the chromosphere are frequently thrown up in irregular 
masses to vast heights above the photosphere, it may be 
50,000, 100,000, or even 200,000 kilometres. Like the 
chromosidiore, those masses have to bo studied with the 
spectroscope, and can never be directly scon except when 
the sunlight is cut off by the intervention of the moon 
during a total eclipse. They are then seen as rose-colored 
flames, or piles of bright rod (douds of irregular and fantas- 
tic shai) 0 s. 

Corona. — Luring total eclipses the sun is scon to bo en- 
veloped by a mass of soft white light, much fainter than 
the chromosphere, and extending out on all aides far be- 
yond the highest prominoncos. It is brightest around tho 
edge of tho sun, and fades off toward its outer boundary, 
by insensible gradations. This halo of light is called tho 
corona, and is a very striking object during a total eclipse. 

The Photospkxee. 

Aspect and Struotxure of tlxe Fhotospbere. —The <liHk of the sun is clr* 
CMilur in shape, no matter what sale nf ihe sun^s glolnj is turned to- 
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ward us, whence it follows that the sun itself is a sphere. The aspect 
of the disk, when viewed with the naked eye, or with a telescope of 
low power, is that of a uniform bright, shining surface, hence called 
X)iQ ^Tiotosphere. With a telescope of higher power the photosphere 
is seen to be diversified with groups of spots, and under good con- 



Ra 68.~E®rEODiATBD As&ksf&EMmr of the Sun's Photosphebij. 

(From a photograph.) 

ditions the Trhole mass has a mottled or curdled appearance. This 
the presence of cloud-like forms, whose out- 
^ttoughfamt areyet distinguishable. The background is also 
to ered with small white dots or forms stiU smaller than the clouds. 
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These are the “rice-grains,** so called. The clouds themselves are 
composed of small, intensely bright bodies, irregularly distributed, 
of tolerably definite shapes, which seem to be suspended in or super- 
posed on a darker medium or background. The spaces between the 
bright dots vary in diameter from 2" to 4" (about 1400 to 2800 kilo- 
metres). The rice-grains themselves have been seen to be composed 
of smaller granules, sometimes not more than 0".3 (135 miles) in 
diameter, clustered together. Thus there have been seen at least 
three orders of aggregation in the brighter parts of the photosphere: 
the larger cloud-like forms; the rice- grains; and, smallest of all, the 
granules. 

Light and Heat from the Photosphere. — The photosphere 
is not equally bright all over the apparent disk. This is at 
once evident to the eye in observing the sun with a tele- 
scope. The centre of the disk is most brilliant, and the 
edges or Iwibs are shaded off so as to forcibly suggest the 
idea of an absorptive atmosphere, •which, in fact, is the 
cause of this appearance. 

Such absorption occurs not only for the rays by which 
we see the sun, the so-called visual rays^ but for those 
which have the most powerful effect in decomposing the 
salts of silver, the so-called chemical rays, by which the 
ordinary photograph is taken. 

The amount of heat received from different portions of 
the suu^s disk is also variable, according to the part of the 
apparent disk examined. This is what wo should expect. 
That is, if the inlensity of any one of these radiations (as 
felt at the earth) varies from centre to circumference, that 
of every other should also vary, since they arc all modifi- 
cations of the same primitive motion of the siin^s con- 
stituent particles. But the constitution of the sun^s at- 
mosphere is such that the law of variation for the three 
classes is different. The intensity of the radiation in the 
sun itself and inside of the absorptive atmosphere is prob- 
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ably nearly constant. The ray which leaves the centre 
of the sun’s disk in passing to the earth traverses the 
smallest possible thickness of the solar atmosphere, while 
the rays from points of the sun’s body which appear to us 
near the limbs pass, on the contrary, through the maxi- 
mum thickness of atmosphere, and are thus longest sub- 
jected to its absorptive action. 

This is plainly a rational explanation, since the part of 
the sun which is seen by us as the limb varies with the 
position of the earth in its orbit and with the position of 
the sun’s surface in its rotation, and has itself no physical 
peculiarity. The various absorptions of different classes 
of rays correspond to this supposition, the more refrangi- 
ble rays, violet and blue, suffering most absorption, as they 
must do, being comjDosed of waves of shorter wave-length. 

Amount of Heat Emitted by the Sun. — Owing to the 
absorption of the solar atmosphere, it follows that we re- 
ceive only a portion— perhaps a veiy small portion— of 
the rays emitted by the sun’s photosphere. 

If the sun had no absorptive atmosphere, it would seem 
to us hotter, brighter, and more blue in color. 

Exact notions as to how great this absorjotion is are hard 
to gain, but it maybe said roughly that the best authorities 
agree that although it is quite possible that the sun’s at- 
mosphere absorbs half the emitted rays, it i)robably does 
not absorb four fifths of them. 

The amount of this absoi’ption is a practical question to 
ns on the earth. So long as the central body of the sun 
continues to emit the same quantity of rays, it is plain that 
the thickness of the solar atmosphere determines the num- 
ber of such rays reaching the earth. If in former times 
this atmosphere was much thicker, then less heat would 
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haye readied the earth. Glacial epochs may be explained 
in this way. If the central body of the sun has likewise 
had different emissive powers at different times, this again 
would produce a variation in the temperature of the earth. 

Amount of Heat Badiated.— There is at present noway of determin- 
ing accurately either the absolute amount of heat emitted from the 
central body or the amount of this heat stopped by the solar atmos- 
phere itself. All that can be done is to measure (and that only 
roughly) the amount of heat really received by the earth, without 
attempting to define accurately the circumstances which this radiation 
has undergone before reaching the earth. 

PoTJiLLET has experimented upon this question, making allowance 
for the time that the sun is below the horizon of any place, and for 
the fact that the solar rays do not in general strike perpendicularly 
but obliquely upon any given part of the earth^s surface. His con- 
clusions may be staled as follows : if our own atmosphere were rc" 
moved, the solar rays would have energy enough to melt a layer of 
ice 9 centimetres thick over the whole earth da^y, or a layer of about 
82 metros thick in a year. 

This action is constantly at work over the whole of the sun^s sur- 
face. To produce a similar effect by the combustion of coal would 
require that a layer of coal 5 metres thick spread all over the sun 
should be consumed every liouv. This is equivalent to a coutinuous 
evolution of 10,000 horse-power on every square foot of the sun’s 
surface. If the sun were of solid coal and produced its own heat by 
combustion, it would burn out in 6000 years. 

Of this enormous outflow of heat the earth receives only 
1 -We have expressed the power of even this small frac- 

Uon of the sun’s heat in terms of the ice it would melt daily. If wo 
compute bow much coal it would require to melt the wimc amount, 
and then further calculate how much work this coal would do, we 
shall find that the sun sends to the earth an amount of heat which is 
equivalent to one horsc-power contiiuunisly acting for every 80 
square feet of the earth’s surface. Most of this is expended in main- 
taining the earth’s temperature; but a small portion, about is 
stored away by animals and vegetables, and tins slight fraction is 
the source upon which the human race depends. If this wore witli- 
drawn the race would perish. 

Of the total amount of heat radiated by the sun the earth receives 
but an insignificant share. The sun i.s captible of heating the entire 
surface of a spliere whoso radius is tin* earth’s mean distance to the 
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same degree that the earth is now heated. The surface of sucU » 
sphere is 3,170,000,000 times greater than tlie angular dimensions 
the earth as seen from tlie sun, and hence the earth receives less 
one two-billionth part of tlio solar radiation. The rest of the sol**'*^ 
rays are, so far as we know, lost in space. 

Solar Temperature.— From the amount of heat actually radiated 
me sun, attempts have been made to determine the actual temperii^- 
^ surface. The estimates reached by various autho*'*^’ 
ties differ widely, as the laws which govern the absorption witUi*^ 
the solar envelope are almost unknown. Some such law of absorp- 
tion has to be supposed in any such investigation, and the estimates 
have differed widely according to the adopted law. 

Skcchi estimates this temperature at about 6,100,000° C. Other 
estimates are far lower, but, according to all sound philosophy, 
emperature must far exceed any terrestrial temperature. There cati. 
be no doubt that if the temperature of the earth’s surface were sadi- 
enly raised to that of the sun, no single chemical element would re* 
am ants present condition. The most refractory materials wouU^ 
be at once volatilized. 

concentrate the heat received upon several square feet 
ts ^ ^^urning-lens or mirror, for instance), examiuo 

bvtfp I.nf focus, and, making allowance for the condensation. 
Sim TTiAt minimum possible temperature of tlie 

that of fho ^ocus of the lens cannot be higher than 

fea leived on I,"''*®"; concentrate the 

eff^cr Tf f 1 til® lens to one point and examine its 

materials L i *1^® refractory- 

volatilized TiiP *1*® diamond, are at once melted or 

were brousht rLtLf ^1^® e"'’*-^^ 

Tieie brought closer to the sun, in the ratio of the diameter of tlio 

Sn^XIh^r lathecaseof the lenToTthieffeLt? 

those irthViLrh,‘Lu;t\?LLrizL““^"'®^ 


Sto-spots aud Factor:, 



THE SUIT. 


207 


Solar spots generally have a dark central Tuaclem or umhra^ sur- 
rounded by a border or jpemtmhra of grayish tint, intermediate in 
shade between the central blackness and the bright photosphere. 
By increasing the power of the telescope, the spots are seen to be of 
very complex forms. The umbra is often extremely irregular in 
shape, and is sometimes crossed by bridges or ligaments of shining 
matter. The pemmbra is composed of filaments of brighter and 
darker light, which are arranged in strise. The general aspect of a 
spot under considerable magnifying power is shown in Fig. 59. 

The first printed account of solar spots w’as given by Fabkitius in 
1611, and Galileo in the same year (May, 1611) also described them. 



Fig. 69.— Umbra and Penumbra ov Hun-spot. 


Galileo’s observations showed thorn to belong to the sun itself, and 
to move uniformly across the solar disk from east to west. A spot 
just visible at the east limb of the sun on any one day travelled slow- 
ly across the disk for 12 or 14 days, when it reached the west limb, 
behind which it disappeared. After about the same period, it reap- 
pears at the eastern limb, unless, as is often the case, it has in the 
mean time vanished. 

The spots are not permanent in their nature, but arc formed some- 
where on the sun, and disappear after lasting a few days, weeks, or 
months. But so long as they last they move regularly from oast to 
west on the sun’s apparent disk, making one complete rotation in 
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about 35 days. This period of 35 days is therefore approximately 
the rotation period of the sun itself. 

Spotted Eegion,— It is found that the spots are chiefly confined to 
two zones, one in each hemisphere, extending from about 10° to 35" 
or 40° of heliographic latitude. In the polar region spots are 
scarcely ever seen, and on the solar equator they are much more rare 
than in latitudes 10° north or south. Connected with the spots, but 
lying on or above the solar surface, are inottlings of liglit 

brighter than the general surface of the sun. 



-PHOTOORiJ»H OF THE StnT. 


and Iq,Tiator.-TUe spots must revolve willi the surface 
of the sun about lus axis, and the directions of their motions niust be 

theTppea.- 

^ observed, the dotted lines representing the apparent 

pato of the spots across the sun’s disk at different times of the year 

to «“ observer on the earth, Lm 

Diane of the^sola *A observer must be in the 

fn Q equator. At other times the paths are ellipses, and 

September the planes of these ellipses are most oblique 
from the plane of 30 ^; 

7 9 , and the axis of rotation is of course perpendicular to it, 
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BTatnre of the Spots. — The sun-spots are really deprcs 
sions in the photosphere, as was first pointed out by An- 
drew WiLSOiiTof Glasgow in 1774. When aspot is seen at 
the edge of the disk, it appears as a notch in the limb, and is 
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Fia. 61 ,— Apparent Path of Soi-ar Spot at Difficurkt Heahonu. 

elliptioal in Bhapo. As the rotation carrios it further and 
further on to the disk, it booomos more and more nearly 
circolax in shape, and after X)asBing the centre of the disk 
the appearances take place in reverse order. 

Those oliaenratlons were explained by 'WinBOir, and more fully by 
Sir Winuiuc HKSsenan, by suppoBing the sun to oonjiist of an In. 
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tenor dark cool mass, surrounded by twp layers of clouds. The 
outer layer, which forms the visible photosphere, was supposed ex- 
tremely brilliant. The inner layer, which could not be seen except 
when a cavity existed in the photosphere, was supposed to be dark. 
The appearance of the edges of a spot, which has been described as 
the penumbra, was supposed to arise from those dark clouds. The 
spots themselves are, according to this view, nothing but openings 
through both of the atmospheres, the nucleus of the spot being simply 
the black surface of the'iuner sphere of the sun itself. 

This theory, Fig. 63, accounts for the facts as they were known 



— I I 

Fro. 62.~Appiiarance op a Spot near the Limb and near the 


Centre op the Sun, 


to HerscheIi. But when it is confronted with the questions of tlio 
Muse of the sun’s heat and of the method by which this heat has 
been maintained constant in amount for centuries, it breaks down 
completely. The conclusions of Wilson and Hbbsohbl. that the 
spots are depressions in the sun’s surface, are undoubted. But the 
existence of a cool central and solid nucleus to the sun is now 
known to be impossible. The apparently black centres of the spots 
^ by contrast If they were seen against, a perfectly 

bright, as has beeii 

proved by photometnc measures. And a cool soUd nucleus beneath 
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such an atmosphere as Hersciiel supposed would soon become gas- 
eous by the couiiuctioii and radialiou of the heat of the photosphere. 
The supply of solar heat, which has been very nearly eonstaut (lur- 
ing the historic period, in a sun so constituted would have sensibly 
diminished in a few hundred years. For these and other reasons 
the hypothesis of IliaiscuEL must be modified, save as to the fact 
that the spots are really cavities in the photosphere. 


Number and Periodicity of Solar Spots. — The number of 
solar spots which conic into view varies from year to year. 
Although at tirst sight this might seem to he what we call 
a purely accitlcntal circitmsianee, like the oceiirreiico of 
cloudy and clear years on the earth, ohsorvations of sun- 
spots cstalilisli the fact that this niimher j)vnodirallj/. 


The periodicity of the spots will appear from the following sum- 
mary : 


From 1838 to 1831 the sun was without s])c)ls on only 
In 1833 

From 1830 to 1840 

In 1843 ‘‘ ‘‘ 

From 1847 to 1851 
In 1850 

From UT)8 to 1801 
In 1807 


1 clay. 
189 days. 

8 

147 ** 

2 “ 
198 “ 
no (lay. 

105 days. 


Every 11 years th(*re is a minimum number of spots, and about 5 
years after each minimum there is a inaxiinuin. If, instead of men*- 
]y (Minting tlKMiuinlKU* of spots, inc‘asurem(*nls aiv made on solar 
l)h()tographs of the. ext(ml of HpotkUarm^ tluj ptn-iod (u>iue8 out with 
gr(!at<jr distinctness. This periodicity of the a n^a of tlui solar spots 
appears to he (;onn<‘dc(l with magneti(^ plnmonuma on the earth’s 
surface, and with Uk^ number of auroras visible. It has been sup- 
posed to be (!onncc!tcul also with variations of tempewuturo, of ram- 
fall, and with other meteorological phenomena such as the monsoons 
of the Indian Ocean, etc. The cause of this periodicity is as yet un- 
known, It probably li(!s within the sun itself, and is similar to the 
cause of the periodic action of a geyser. As the periodic variations 
of the spots correspond to variations of the magnetic needle on tbe 
earth, it appcoirs that there is a connection of m unknown nature 
hotweeu the sun and the earth, 



212 


ASTRONOMY. 


The Sto's Chkomospheee akd Corona. 

Phenomena of Total Eclipses.— -The beginning of a total solar 
eclipse is marked simply by the small black notch niaclo in the 
luminous disk of the sun by the advancing edge or limb of the 
moon. This always occurs on the western half of the sun, as Ihts 
moon moves from west to east in its orbit. An hour or more must 
elapse before the moon has advanced sufficiently fur in its orbit to 
cover the sun’s disk. During this time the disk of the sun is gradu- 
ally hidden until it becomes a thin crescent. 

The actual amount of the sun’s light may bo diminished to two 
thirds or three fourths of its ordinary amount withotit its being 
strikingly perceptible to the eye. What is first noticed is the change 
which takes place in the color of the surrounding landscape, which 
begins to wear a ruddy aspect. This grows more and more pro- 
nounced, and gives to the adjacent country that wedrd ciTcKl which 
lends so much to the impressiveness of a total eclipse. The reason 
for the change of color is simple. We have already said that the 
sun’s atmosphere absorbs a large proportion of the bluer rays, tind as 
this absorption is dependent on the thickness of the solar tUmosphere 
through which the rays must pass, it is plain that just before the sun 
is totally covered the rays by which we sec it will be redder than 
ordinary sunlight, as they are those which come from points near 
the sun’s limb, where they have to pass through the greatest thick- 
ness of the sun’s atmosphere. 

The color of the light becomes more and more lurid up to the mo- 
ment when the sun has nearly disappeared. If the spectator is upon 
the top of a high mountain, he can then begin to see the moon's 
shadow rushing toward him at the rate of a kilometre in about a 
second. Just as the shadow reaches him there is a stidden increase 
of darkness; the brighter stars begin to shine in the dark lurid sky, 
the thin crescent of the sun breaks up into small points or dots of 
light, which suddenly disappear, and the moon itself, an intenwdy 
black ball, appears to hang isolated in the heavens. 

An instant afterward the corona is seen surrounding the black 
disk of the moon with a soft effulgence quite dilTcrent from any 
other light known to us. Near the moon’s limb it is intensely bright, 
and to the naked eye uniform in structure; 6' or 10^ fronj the limb 
this inner corona has a boundary more or less defined, and from this 
extend streamers and wings of fainter and more nebulous light. 
These are of various shapes, sizes, and brilliancy. No two solar 
eclipses yet observed have been alike in this respect, 
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These appearances, though changeable, do not change in the time 
the moon’s shadow requires to pass from Vancouver’s Island to 
Texas, for example, which is some fifty minutes. 

Superposed upon these wings may be seen (sometimes with the 
naked eye) the red flames or protuberances which were first discov- 
ered during a solar eclipse. These need not be more closely de- 
scribed here, as they can now be studied at any time by aid of the 
sp<.‘ctroH(*()pe. 

The total phase lasts for a few minutes (never more than six or 
seven), and during this time, as the eye becomes more and more 
accustomed to the faint light, the outer corona is seen to stretch 
further and further away from the sun’s limb. At the eclipse of 1878, 
July 39th, it was seen to extend more than 6“ (about 9,000,000 miles) 
from the sun’s limb. Just before the end of the total phase there is 
a sudden increase of the brightness of the sky, due to the increased 
illumination of the earth’s atmosphere near the observer, and in a 
moment more the sun’s rays are again visible, seemingly as bright as 
<ivcr. From the cud of totality till the last contact the phenomena 
of the first half of the eclipse arc repeated in inverse order. 

Telesoopio Aspect of the Corona. — Such arc the appearances to the 
naked (‘ye. The (jorona, tis seen through a telescope, is, however, 
of a very <;ompUcatcd structure. The inner corona is usually com- 
posed of bright 8tri»e or filaments separated by darker bands, and 
some of these latter arc sometimes seen to bo almost totally black. 
The appearances are extremely irregular, but they are often as if the 
inner corona were made up of brushes of light on a darker back- 
ground. 

The (!orona and red prominences are solar appendages. It was 
formerly doubtful wluitluT the corona was an atmosphere belonging 
to the sun or to th(j moon. At the eclipse of 1860 it was proved by 
measurements that the red promincncos belonged to the sun and not 
to the moon, since the moon gradually covered them by its motion, 
they remaining attached to the sun. The corona has also since been 
shown to be a solar appendage. 

Gaieouft Nature of the Promiuencee,-— The eclipse of 1868 (July) 
was total in India, and was observed by many skilled astronomers. 
A discovery of M. Janshwn’r will make tliis eclipse forever memora- 
ble, Ho was provided with a spectroscope, and by it observed the 
prominences. One prominence in particular was of vast size, and 
when the spe(!lroscope was turned upon it, its spectrum was discon* 
tinuous, showing the bright linos of hydrogen gas. 

The hrighlness of the spectrum was so marked that Janssbit deter- 
mined to ke<ip his spoctroacopo fixed, upon it oven after tlie reappear- 
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ance of sunligUt, to see how loug it could be followed. It was found 
that its si>e(:truni could still be seen after the return of complete sun- 
light; and not only on that day, but on subsequent days, similar 
phetiouKina could be observed. 

One great difliculty was conquered in an instant. The red flames 
which fornuirly were only to be seen for a few moments during the 
eomparatively rare occurrences of total eclipses, and whose observa- 
tion demanded long and expensive journeys to distant parts of the 
world, could now be regularly observed with all the facilities offered 
by a fixed observatory. 

This great step in advance was independently made by Mr. Look- 



Forms of thk Solar Prorinicncbjs as seen with the SPEOTRosoom 


■ntii, ami his discovery was derived from purelhcory, unaided by the 
wllnse Itself. By this method the prominences have been carefully 
mapiKiil day by day nil around tho sun, and it baa been proved that 
around this body tliero is a vast atmosphere of hydrogen gas-the 
ehromopUrt orsf^w. From out of this the prominences are pro- 
lectod sometimes to heights of 100,000 kilometres or more. 

It will ho necessary to recall the main facts of 
are fundamental In the use of the spectrowope. When a brimant 
point is examined with the spoctroscopo, it is 

Into a iMind—the spectrum. Using two prisms, the spectrum be- 
comes Sger. butL light of Urn surface, being spread over a 
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greater area, is enfeebled. Three, four, or more prisms spread out 
the spectrum proportionally more. If the spectrum is of an incan- 
descent solid or liquid, it is always continuous, and it can be en- 
feebled to any degree; so that any part of it can be made as feeble as 
desired. 

This method is precisely similar in principle to the use of the tele- 
scope in viewing stars in the daytime. The telescope lessens the 
brilliancy of the sky, while the disk of the star is kept of the same 
intensity, as it is a point in itself. It thus becomes visible. The 
spectrum of a glowing gas will consist of a definite number of lines, 
say three — A, B, C, for example. Kow suppose the spectrum of this 
gas to be superposed on the continuous spectrum of the sun; by 
using only one prism, the solar spectrum is short and brilliant, and 
every part of it may be more brilliant than the line spectrum of the gas. 
By increasing the dispersion (the number of prisms), the solar spec- 
trum is proportionately enfeebled. If the ratio of the light of the 
bodies themselves, the sun and the gas, is not too great, the continu- 
ous spectrum may be so enfeebled that the line spectrum will be 
visible when superposed upon it, and the spectrum of the gas may 
then be seen even in the pi’esence of true sunlight. Such was the 
process imagined and successfully carried out by Mr. Lockyxbr, and 
such is in essence the method of viewing the prominences to-day 
adopted. 

The Coronal Spectr^.— In 1869 (August 7th) a total solar eclipse 
was visible in the United States. It was probably observed by more 
astronomers than any preceding eclipse. Two American astron- 
omers, Professor Young, of Dartmouth College, and Professor Hark- 
NESS, of the Kaval Observatory, especially observed the spectrum of 
the corona. This spectrum was found to consist of one faint green- 
ish line crossing a faint continuous spectrum. The place of this line 
in the maps of the solar spectrum published by Kirchhope was oc- 
cupied by a line which he had attributed to the iron spectrum, and 
which had been numbered 1474 in his list, so that it is now spoken 
of as 1474 K. This line is probably due to some gas which must be 
present in large and possibly variable quantities in the corona, and 
whi^ is not known to us on the earth, in this form at least. It is 
probably a gas even lighter than hydrogen, as the existence of this 
^ around 


In the eclipse of July 29th, 1878, which was total in Colorado and 
lexas the continuous spectrum of the corona was found to be 
crossed by the dark lines of the solar spectrum, showing that the 
coronal light was composed in part of refloated sunlight. 
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SomiCES o; iee Sinfr’s Heat. 


Theories of the Sim’s Coustitation. — considerahle 
fraction of the heat radiated from the sun returns to it 
from the celestial spaces. But we know the sun is daily 
radiating into space 2,170,000,000 times as much heat as 
is daily received by the earth, and it follows that unless 
the supply of heat is infinite (which we cannot believe) this 
enormous daily radiation must in time exhaust the supply. 
When the supply is exhausted, or even seriously trenched 
upon, the result to the inhabitants of the earth will he fatal. 
A slow diminution of the daily supply of heat would pro- 
duce a slow change of climates from hotter toward colder. 
The serious results of a fall of 50° in the mean annual tem- 
perature of the earth will he evident when we remember 
that such a fall would change the climate of France to that 
of Spitsbergen. The temperature of the sun cannot he 
kept up by the mere combustion of its materials. If the 
sun were solid carbon, and if a constant and adequate supply 
of oxygen were also present, it has been shown that, at the 
present rate of radiation, the heat arising from the com- 
bustion of the mass would not last more than 6000 years. 


An explanation of tlie solar heat and light lias been suggested, 
which depends upon tlie fact that great amounts of heat and light 
are produced by the collision of two rapidly moving heavy bodies, 
or even by the passage of a heavy body like a meteorite through the 
oartli’s atmosphere. In fact, if we had a certain mass available with 
which to produce heat in the sun, and if this mass were of the best 
posable materials to produce heat by burning, it can be *own that, 
bv burning it at the surface of the sun, we should produce vastly 
less heat than if we simply allowed it to fall into the 
last case, if it fell from the earth’s distance, it would give 6000 times 
more heat by iU fall than by its burning. 

The least velocity with whinh a body from space could fall upon 
the sun’s surface is in the neighborhood of 280 miles in a second of 
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time, and the velocity may be as great as 850 miles. The meteoric 
theory of solar heat is in effect that the heat of the sun is kept up by 
the impact of meteors upon its surface. 

No doubt immense numbers of meteorites fall into the sun daily 
and hourly, and to each one of them a certain considerable portion 
of heat is due. It is found that, to account for the present amount of 
radiation, meteorites equal In mass to the whole earth would have to 
fall into the sun every century. It is extremely improbable that a 
mass one tenth as large as this is added to the sun in this way per 
century, if for no other reason because the earth itself and every 
planet would receive far more than its present share of meteorites, 
and would become quite hot from this cause alone. 

There is still another way of accounting for the sun’s constant 
supply of energy, and this has the advantage of appealing to no cause 
outside of the sun itself in the explanation. It is by supposing the 
heat, light, etc., to be generated by a constant and gradual contrac- 
tion of the dimensions of the solar sphere. As the globe cools by 
radiation into space, it must contract. In so contracting its ultimate 
constituent parts are drawn nearer together by their mutual attrac- 
tion, whereby a form of energy is developed which can be trans- 
formed into heat, ligh^ electricity, or other physical forces. 

This theory is in complete agreement with the known laws of 
force. It also admits of precise comparison with facts, since the 
laws of heat enable us, from the known amount of heat radiated, to 
infer the exact amount of contraction in inches which the linear 
dimensions of the sun must undergo in order that this supply of heat 
may be kept unchanged, as it is practically found to be. Willi tlie 
present size of the sun, it is found that it is only necessary to sup- 
pose that its diameter is diminishing at the rate of abotil 220 feet per 
year, or 4 miles per century, in order that the supply of heat radiated 
shall be constant. It is plain that such a change as this may be 
taking place, since we possess no instruments sufficiently delicate to 
have detected a change of even ten times this amount since the in- 
vention of the telescope. 

It may seem a paradoxical conclusion that the cooling of a bod}’' 
may cause it to become hotter. This indeed is true only when we 
suppose the interior to be gaseous, and not solid or liquid. It is, 
however, proved by theory that this law holds for gaseous masses. 

We cannot say whether the sun has yet begun to liquefy 
in his interior parts, and hence it is impossible to predict 
at present the duration of his constant radiation. Theory 
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sliows US that after about 6,000,000 years, the sun radiat- 
ing heat as at present, and stiU remaining gaseous, will be 
reduced to one half of his present volume. It seems prob- 
able that somewhere about this time the solidification will 
have begun, and it is roughly estimated, from this line of 
argument, that the present conditions of heat radiation 
cannot last greatly over 10,000,000 years. 

The future of the sun (and hence of the earth) cannot, 
as we see, be traced wiili great exactitude. The past can 
be more closely followed if we assume (which is tolerably 
safe) that the sun up to the present has been a gaseous and 
not a solid or liquid mass. Four hundred years ago, then, 
the sun was about 16 miles greater in diameter than now; 
and if we suppose this process of contraction to have regu- 
larly gone on at the same rate (an uncertain supposition), 
we can fix a date when the sun filled any given space, out 
even to the orbit of Neptune; that is, to the time when 
the solar system consisted of but one body, and that a gas- 
eous or nebulous one. It will subsequently be seen that 
tlio ideas hero reached A have a striking analogy 

to the h priori ideas of Kant and La Place. 

It is not to bo taken for granted, however, that the 
amount of heat to be derived from the contraction of the 
sun’s dimensions is infinite, no matter how large the prim- 
itive dimensions may have been. A body falling from any 
distance to the sun can only have a certain finite velocity 
depending on this distance and the mass of the sun itself, 
which, even if the fall bo from an infinite distance, cannot 
exceed, for the sun, 360 miles per second. In the same 
way the amount of heat generated by the contraction of the 
sun’s volume from any size to any other is finite and not 
infinite. 
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It has been shown that if the sun has always been radi- 
ating heat at its present rate, and if it had oi’igiually lilled 
all space, it has required 18,000,000 years to contract to its 
present volume. In other words, assuming the present 
rate of radiation, and taking the most favorable case, the 
age of the sun does not exceed 18,000,000 years. Tlic 
earth is, of course, loss aged. The supposition lying at 
the base of this estimate is that the radiation of tlio sun 
has been constant thi’oughout the whole ]ioriod. Tliis is 
quite unlikely, and any changes in this datum affect gnsatly 
the final number of years which wo have assigned. While 
this number may be greatly in error, yet the method of 
obtaining it seems, in the present state of science, to bo 
satisfactory, and the main conclusion remains that the ]>ast 
of the sun is finite, and that in all probability its future is 
a limited one. The exact number of centuries that it is to 
last are of no moment even wore the data at hand to obtain 
them: the essential point is that, so far as wo can see, the 
sun, and incidentally the solar system. Inis a finite jnist and 
a limited future, and that, like other natural objects, it 
passes through its regular stages of birth, vigor, decay, and 
death, in one order of progress. 
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THE INFERIOR PLANETS. 

Motions and Aspects. 

The inferior planets are those whose orbits lie between the sun 
and the orbit of the earth. Commencing with the more distant ones, 
they comprise Ymm and Mercury, 

The real and apparent motions of these planets have already been 
briefly described in Part I., Chapter Y. It will be remembered that, 
in accordance with Keplbu’s third law, their periods of revolution 
around the sun are less than that of the earth. Consequently they 
overtake the latter between successive inferior conjunctions. 

The interval between these 
conjunctions is about four 
motiths in the case of Mer- 
cury, and between nineteen 
an(l twenty months in that of 
VenuH. At the end of this 
period each repeats the same 
series of motions relative to 
the sun. What these motions 
are can be readily seen by 
studying Fig. 65. In the first 
place, suppose the earth at 
any point, E, of its orbit, and 
if we draw a line, E L ox 

JC M, from E, tangent to the ^ 

orbit of cither of these planets, es. 

it is evident that the angle 

which this line makes with that drawn to the sun is the greatest 
elongation of the planet from the sun. The orbits being eccentric, 
this elongation varies with the position of the earth. In the case 
of Mercury it ranges from 16^* to 29% while in the case of Venue, the 
orbit of which is nearly circular, it varies very little from 46% These 
planets, therefore, seem to have an oscillating motion, first swinging 




222 ASmoNOMT, 

toward the east of the sun, and then toward the west of it, as already 
explained. Since, owing to the annual revolution of tlu‘ ojirth, the 
sun has a constant eastward motion amo!ig th(‘ stars, th<‘s<‘ idanets 
must have, on the whole, a corresponding ihough iiitennittent motion 
in the same direction. Therefore tlie ancient astronomers suppoM<*d 
their period of revolution to be one year, the same as that of the 
sun. 

If, again, we draw a line Eti 6^ from the earth through th<‘ stin, the 
point J, in which this line cuts the orbit of the plam‘t, or tin* point 
of inferior conjunction, will be the least distane(^ of tint i)lanet from 

the earth, while the second point C, 
or the point of superior eonjuinMion, 
on the opposite side of the sun, will 
be the greatest dislainr. Owing to 
the dilTerence of iliese distances the 
apparent magnitude of these planelH, 
as seen from the earth, is sul)j(*et to 
Fig. 66.— Apparent Magnittobs great variations. 

OP THE Disk op Mercury. shows these variations in the 

case of Mer&ui'y, A represeming its apparent magnitude when at its 
greatest distance, J? when at its mean distance, and f/when at its 
least distance. In the case oiVemiH (Fig. C7) the variations are much 
greater than in that of MevoHry^ the greatest (li.stan(5(^ 1.72, being 
more than six times the least distance, which is only 0,28. 'rUe 
variations of apparent magnitude are therefore gr(*at in the wune 
proportion. 

In thus representing the apparent angular magnitude of these 
planets, we suppose their whole disks to be visible, as they wouhl be 
if they shone by their own light. But since they <‘an lx*, seen onl}* by 
the reflected light of the sun, only those portions of the disk can be 
seen which are at the same time visible from the sun ami from tin* 
earth, A very little consideration will show that the proportion of 
the disk which can be seen constantly diminishes as the planet ap- 
proaches the earth, and looks larger. 

When the planet is at its greatest distance, or in superior conjunct ion 
((7, Fig. 65), its whole illuminated hemisphere can bo s<‘(*n from the 
earth. As it moves around and approaches the earth, the illumiimttHl 
hemisphere is gradually turned from us. At the point of grcat(*«t 
elongation, M or X, one half the hemisphere is visible, and Iho 
planet has the form of the moon at first or second quarter. As it 
approaches inferior conjunction, the apparent visible disk assiuues 
the form of a crescent, which becomes thinner and thinner as the 
planet approaches the sun. 




TEE INFERIOR FLANBT8. 


223 


Fijr. 68 shows llie apparent disk of Mercury various times during 
its synodic revolution. ' The planet will appear brightest when this 
disk has the greatest surface. This occurs about half way between 
greatest elongation and inferior conjunction. 

In consequence of the changes in the brilliancy of these planets 
produced by the variations of distance, and those produced by the 



Fia. 67 .— Apparent Magnitudes op the T>isk op Venus. 


vuriations in the proportion of illuminnted disk Tisihle from the 
earth, partially compensating each other, their actual brilliancy 
not suhjoet to such great variations as might have been 
As a ffcnerul rule, Mereitry shines -witli a light exceeding tliat ol a 
star of tiie first maguiiude. But owing to its proximity to the sun. 


• f P) ) 

• < C C 


Fio. 88.-A1TIUIUNOB OF MBBoeav ja DiFFiiBiaiT Ponirs of its Orbit. 

it can never be seen by the naked eye except in the 
after sunset, and in the cast a little before sunrise. It w then of 
necessity near the horizon, and therefore does not seem ^ 

if it were at a greater altitude. Incur latitudes we might almost 
that it is never visible except in the morning or evemng twilight. 




224 


ASTBOirOMJ. 


On the other hand, the planet Venus is, next to the sun and moon, 
the most brilliant object in the heavens. It is so much brighter 
than any fixed star that there can seldom be any difficulty in identi- 
fying it. The unpractised observer might under some circumstances 
find a difficulty in distinguishing between Venus and Jupiter^ but 
the different motions of the two planets will enable him to distin- 
guish them if they are watched from night to night during several 
weeks. 


Atmospheee Ain) Eotation op Merctoy. 

The various phases of Mercury^ as dependent upon its various 
positions relative to the sun, have already been shown. If the planet 
were an opaque sphere, without inequalities and without an atmos- 
phere, the apparent disk would always be bounded by a circle on 
one side and an ellipse on the other, as represented in the figure. 
Whether any variation from this simple and perfect form has ever 
been detected is an open question, the balance of evidence being very 
strongly in the negative. Since no spots are visible upon it, it would 
follow that unless variations of form due to inequalities on its sur- 
face, such as mountains, can be detected, it is impossible to deter- 
mine whether the planet rotates on its axis. 

We may regard it as doubtful whether any evidence of an atmos- 
phere of Merew^y has been obtained, and it is certain that we know 
nothing definite respecting its physical constitution. 

Atmospheee Am) Eotation of Venus. 

As Venus sometimes comes nearer the earth than any other pri- 
mary planet, astronomers have examined its surface with great at- 
tention ever since the invention of the telescope. But no conclusive 
evidence respecting the rotation of the planet and no proof of any 
changes or any inequalities on its surface have ever been obtained. 

Atmosphere of Venus. — The evidence of an atmosphere of Venus is 
perhaps more conclusive than in the case of any other planet. 
When Vemis is observed very near its inferior conjunction, and 
when it therefore presents the view of a very thin crescent, it is 
found that this crescent extends over more than 180^. This would 
be evidently impossible unless the sun illuminated more than one 
half the planet. We therefore conclude that Venus has an atmos- 
phere which exercises so powerful a refraction upon the light of the 
sun that the latter illuminates several degrees more than one half the 
globe. A phenomenon which must he attributed to the same cause 
has several tjmes been obs^ryecl during trftpQjts of Puling 
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the transit of December 8th, 1874, most of the observers who enjoyed 
a fine steady atmosphere saw that when Venus was partially pro- 
jected on the sun, the outline of that part of its disk outside the sun 
could be distinguished by a delicate line of light. From these 
several observations it would seem that the refractive power of the 
atmosphere of Venus is greater than that of the earth. 


Transits or Mercuriz and Venrs. 


When Mei'cury or Venus passes between the earth and sun, so as 
to appear projected on the sun’s disk, the phenomenon is called a 
transit If these planets moved around the sun in the plane of the 
ecliptic, it is evident that there would be a transit at every inferior 
conjunction. 

The longitude of the descending node of Mercury at the present 
time is 227% and therefore that of the ascending node 47“. The 
earth has these longitudes on May 7ih and November 9th. Since a 
transit can occur only within a few degrees of a node, Mercury cau 
transit only within a few days of these epochs. 

The longitude of the descending node of Venus is now about 266* 
and therefore that of the ascending node is 76®. The earth has these 
longitudes on June 6th and December 7th of each year. Transits of 
Venus can therefore occur only within two or three days of these 
times. 

Beoturrence-of Transits of Mercury. — The following table shows the 
dates of occurrence of transits of Mercury during the present cen- 
tury. They are separated into May transits, which occur near the 
deHCoiuling node, and November ones, which occur near the ascend- 
ing node.” November transits are the most numerous, _ because 
Mercury is then nearer the sun, and the transit limits are wider. 


1799, May 8. 
1833, May 5. 
184r), May 8. 
1878, May 0. 
1891, May 9. 


1802, Nov. 9. 
1815, Nov. 11. 
1833, Nov. 6. 
1885, Nov. 7. 
1848, Nov. 10. 
1861, Nov. 12. 
1868, Nov. 5. 
1881, Nov. 7. 
1894, Nov. 10. 


Beourrenee of Transits of Venus.— For many centuries past and to 
come, transits of Yeum occur in a cycle more exact than those of 
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Mereitry It happens that Venus makes 18 revolutions around the 
sun in nearly the same time that the earth makes 8 revolutions; that 
is in eight years. During this period there will l)e 5 inferior con- 
junctions of Venus, because the latter has made 6 revolutions more 
than the earth. Cousequently, if we wait eight years from an inferior 
conjunction of Venus, we shall, at the end of that time, have anotlier 
inferior conjunction, the fifth in regular order, at nearly the same 
point of the two orbits. It will, therefore, occur at the same time 
of the year, and in nearly the same position relative to the node ot 

After a pair of transits 8 years apart, an interval of over 100 years 
must elapse before the occurrence of another pair as is shown iii the 
following table. The dates and intervals of tlie transits for tliree 
cycles nearest to the present time are as follows: 

Intervals. 


1518, June 2. 

1761, Junes. 

2004, June 8 

8 years. 

1526, June 1. 

1769, June 3. 

2012, June 6. 

106^ 

1681, Dec. 7. 

1874, Deo. 9. 

2117, Dec. 11. 

8 

1638^ Dec. 4. 

1882, Dec. 6. 

2125, Deo. 8 

1214 


StIPPOSEl) iNTSAMEBCtJBIAL PLANETS. 

Some astronomers are of opinion that there ia a small planet or 
a group of planets revolving around the snn inside the orbit of 
MercuTy. To this supposed planet the name Vulcan has been given ; 
but astronomers generally discredit the existence of any such planet 
of considerable size. 

The evidence in favor of the existence of such planets may bo 
divided into three classes, as follows, which will be considered in 
their order: 

(1) A motion of the perihelion of the orbit of Mercu7*y, supposed 
to he due to the attraction of such a planet or group of planets. 

(2) Transits of dark bodies across the disk of the sun which have 
been supposed to be seen by various observers during the past cen- 
tury. 

(3) The observation of certain unidentified objects hy Professor 
Watson and Mr. Lewis Swift during the total eclipse of the sun, 
July 2dth, 1878. 

(p In 1858 Le Veebter made a careful collection of all the obser- 
vations on the transits of Me^xury which had been recorded since the 
invention of the telescope. The result of that investigation was 
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that the observed times of transit could not be reconciled ■with the 
calculated motion of the planet, as due to the gravitation of the 
other bodies of the solar system. He found, however, that if, in 
addition to the changes of the orbit due to the attraction of the 
known planets, he supposed a motion of the perihelion amounting to 
36" in a century, the observations could all be satisfied. Such a 
motion might be produced by the attraction of an unknown planet 
inside the orbit of Mercury. Since, however, a single planet, in 
order to produce this effect, would have to be of considerable size, 
and since no such object had ever been observed during a total 
eclipse of the sun, he concluded that there was probably a group of 
planets much too small to be separately distinguished. 

(2) It is to be noted that if such planets existed they would fre- 
quently pass over the disk of the sun. During the past fifty years 
the sun has been observed almost cveiy day with the greatest 
assiduity by eminent observers, armed with powerful instmments, 
who have made the study of the sun’s surface and spots the principal 
work of their lives. None of these observers has ever recorded the 
transit of an unknown planet. This evidence, though negative in 
form, is, under the circumstances, conclusive against the existence 
of such a planet of such magnitude as to be visible in transit with 
ordinary instruments. 

(3) The observations of Professor Watson during the total eclipse 
above mentioned seem to afford the strongest evidence yet obtained 
in favor of the real existence of the planet. His mode of proceeding 
was briefly this : Sweeping to the west of the sun during the eclipse, 
he saw two objects in positions where, supposing the pointing of his 
telescope accurately known, no fixed star existed. There is, how- 
ever, a pair of known stars, one of which is about a degree distant 
from one of the unknowui objects, and the other about the same 
distance and direction from the second. It is probable that Professor 
Watson’s supposed plauels were this pair of stars. 

Since the above was written Prof. Watson’s observations have 
been repeated under exceptionally favorable circumstances at the 
eclipse of May 6, 1883, and no trace of his supposed planets was seen, 
while much smaller stars were observed. 
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THE MOON. 

When it tecame clearly undei'stood that the earth and 
moon were to be regarded as bodies of one class, and that 
the old notion of an impassable gulf between the character 
of bodies celestial and bodies terrestrial was unfounded, 
the question whether the moon was like the earth in all its 
details became one of great interest. The point of most 
especial interest was whether the moon could, like the 
earth, be peopled by intelligent inhabitants. Accordingly^ 
when the telesco[)e was invented by Galileo, one of the 
first objects examined was the moon. With every im- 
provement of the instrument the examination became 
more thorough, so that at present the topography of the 
moon is much better known than that of the State of 
Arkansas, for example. 

With every improvement in the means of research, it . 
lias become more and more evident that the surface of the 
moon is totally unlike that of our earth. There are no 
oceans, seas, rivers, air, clouds, or vapor. We can hardly 
suppose that animal or vegetable life exists under such cir- 
cumstances, the fundamental conditions of such existence 
on our earth being entirely wanting. We might almost as 
well suppose a piece of granite or lava to be the abode of 
life as the surface of the moon. 

The length of one mile on the moon would, as seen from 
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the earth, subtend, an angle of about 1 " of arc. More 
exactly, the angle subtended vould range beWeen O'. 8 and 
O'.O, according to the varying distance of the moon. In 
order that an object may be plainly visible to the naked 
eye, it must subtend an angle of nearly 1'. Consequently 
a magnifying power of 60 is required to render a round 
object one mile in diameter on the surface of the moon 
plainly visible. Starting from this fact, we may readily 
form the following table, showing the diameters of the 
smallest objects that can be seen with different magnifying 
powers, always assuming that vision with these powers is 
perfect; 

Power 60; diameter of object 1 mile. 

Power ISO; diameter 2000 feet. 

Power 500; diameter 600 feet. 

Power 1000; diameter 300 feet. 

Power 2000; diameter 160 feet. 

If telescopic power could be increased indefinitely, there 
would of course be no limit to the minuteness of an object 
visible on the moon’s surface. But the necessary imper- 
fections of all telescopes arc such that only in extraordinaiy 
cases can anything be gained by increasing the magnifying 
power beyond 1000. The influence of warm and cold cur- 
rents in our atmosphere will forever prevent the advan- 
tageous use of high magnifying powers. After a certain 
limit wo sec nothing more by increasing the power, vision 
becoming indistinct in proportion as the power is increased. 
It is hardly likely that an object loss than COO feet in extent 
can over bo seen on the moon by any telescope whatever, 
unless it becomes possible to mount the instrument above 
the atmosphere of the earth. It is therefore only the great 
features on the surface of the moon, and not the minute 
ones, which can bo made out with the telescope. 
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Fiff. 69 .— Aspeot op ths Moon’b StJBPAOS. 


OhBTMter of tho Moon’s Sox&oe. — ^The most striMng point of dif- 
ference between the earth and moon is seen in the total absence from 
the latter of anything that looks like an undulating surface. No 
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formations similar to our valleys and mountain-chains have been 
detected. The lowest surface of the moon which can be seen with 
the telescope appears to be nearly smooth and flat, or, to speak 
more exactly, spherical (because the moon is a sphere). This sur- 
face has diilereut shades of color in different regions. Some por- 
tions are of a bright silvery tint, while others have a dark gray ap- 
pearance. These differences of tint seem to arise from differences of 
material. 

Upon this surface as a foundation are built numerous formations 
of various sizes, but all of a very simple character. Their general 
form can be made out by the aid of Fig. 69, and their dimensions by 
the scale of miles at the bottom of it. The largest and most promi- 
nent features arc known as craters. They have a typical fom con- 
sisting -of a round or oval rugged wall rising from the plane in the 
manner of a circular fortification. These walls are frequently from 
three to six thousand metres in height, very rough and broken. In 
their interior we see the plane surface of the moon already described. 
It is, however, generally covered with fragments or broken up by 
small inequalities so as not to be easily made out. In the centre of 
the craters we frequently find a conical formation rising up to a con- 
siderable height, and much larger than the inequalities just described. 
In the craters we have a vague resemblance to volcanic formations 
upon the earth, the principal difference being that their magnitude is 
very much greater than anything known here. The diameter of the 
larger ones ranges from 50 to 200 kilometres, while the smallest are 
so minute as to be hardly visible with the telescope. 

When the moon is only a few days old, the sun’s rays strike very 
oblhiucly upon the lunar mountains, and they cast long shadows. 
From the known position of the sun, moon, and earth, and from the 
measured length of those shadows, the heights of the mountains can 
bo calculated. It is thus found that some of the mountains near the 
south pole rise to a height of 8000 or 9000 metres (from 25,000 or 30,000 
feet) above the general surface of the moon. Heights of from 3000 
to 7000 metres are very common over almost the w’hole lunar surface. 

The question of the origin of the lunar features 1ms a bearing on 
theories of terrestrial geology as well as upon various questions re- 
specting the past history of the moon itself. It has been considered 
in this as]>ect by variotis geologists. 

lunar Atmosphere*— The question whether the moon has an atmos- 
phere has been much discussed. The only conclusion which has yet 
been reached is that no positive evidence of an atmosphere has ever 
been obtained, and that if one exists it is certainly several hundred 
times rarer than the atmosphere of our earth. 
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light aEd Heat of the Moon,— Many attempts have been made to 
measure the ratio of the light of the full moon and that of the sun. 
The results have been very discordant, but all have agreed in show- 
ing that the sun emits several hundred thousand times as much light 
as the full moon. The last and most careful determination is that of 
who finds the sun to be 618,000 times as bright as the full 

moon. 

The moon must reflect the heat as well as the light of the sun, and 
must also radiate a small amount of its own heat. The latest re- 
searches indicate that the amount received by the earth is inappre- 
ciable. 

Is there any Change on the Surface of the Moon 1— When the sur- 
face of the moon was first found to be covered by craters having the 
appearance of volcanoes at the surface of the earth, it was very 
naturally thought that these supposed volcanoes might be still in 
activity, and exhibit themselves to our telescopes by their flames. 
Not the slightest sound evidence of any incandescent eruption at the 
moon’s surface has been found, however. 

Several instances of supposed changes of shape of features on the 
moon’s surface have been described in recent times. 

The question whether these changes are proven is one on which 
the opinions of astronomers differ. Tlie difficulty of reaching a cer- 
tain conclusion arises from the fact that each feature necessarily 
varies in appearance, owing to the different directions in which the 
sun’s light falls upon it. Sometimes the changes arc very difficult 
to account for, even when it is certain that they do not arise from 
any change on the moon itself. Hence while some regard the appa- 
rent changes as real, others regard them as due only to differences in 
the mode of illumination. 

The Moon only Shows one Taco to the Earth. — The moon rotates on 
her axis from west to east, and the time required for one rotation is 
the same as that required for one revolution in her orbit. If a line 
be drawn from the earth to the moon, this line will always touch the 
same hemisphere of the moon : and the moon does not rotate at all 
with reference to this line. But if any line be drawn tbrougb the 
sun parallel to the moon’s axis, the moon sometimes turns one face 
and sometimes another to this line. An observer on the earth, how- 
ever, sees but one hemisphere of the moon. 



CHAfTER V. 


THE PLANET MARS. 

Sescsiftiok of the Piahet. 

Mars is the next plaiiet beyond the earth in the oi-der of 
distance from the snn, being about half as far again as the 
earth. It has a decided red color, by which it may bo 
readily distinguished from all the other planets. Owing to 
the considerable eccentricity of its orbit, its distance, both 
from the sun and from the earth, varies in a larger propor- 
tion than does that of the other outer planets. 

At the most favorable oppositions, its distance from the 
earth is about 0.38 of the astronomical unit, or, in round 
numbers, 67,000,000 kilometres (35,000,000 of miles). 
'I’liis is greater than the Iciist distance of Vemis, but wo 
can nevertheless obtain a better view of Mars under these 
circumstances than of Vsnus, because when the latter is 
nearest to us its dark hemisphere is turned toward us, 
while in the case of Mnrs and of the outer planets tho 
hemisphere turned toward us at opiiosition is fully illumi- 
nated by the sun. 

The period of revolution of Mars around the sun is a 
little less than two years, or, more exactly, 687 days. The 
successive oppositions occur at intervals of two years and 
one or two months, the earth having made during this in- 
terval a little more than two revolutions around the sun, 
and tlie planet Mars a little more than one. The dates of 
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several past and future oppositions are shown in tlio fol- 
lowing table: 


December 26th. 

1884*. January Slst. 

^886 March 6th. 


Owing to the uTie<jual motion of the planet^ arising from 
the eccentricity of its orbit, the intervals between succes- 
sive oppositions vary from two yeai*s and one month to two 
years and two and a half months. 

Mars necessarily exhibits phases, but they are not so well 
marked as in the case of Venus, because the hemisphere 
which it presents to the observer on the earth is always 
more than half illuminated. The greatest phase occurs 
when its direction is 90® from that of the sun, and even 
then six sevenths of its disk is illuminated, like that of the 
moon, three days before or after full moon. The phases 
of Mars were observed by Galileo in 1610. 

notation of Kars. — The early telescopic observers noticed that the 
fUak of Mars did not appear uniform in color and brightness, but 
had a variegated aspect. In 1666 Dr. Robekt Hooke found that 
the markings on Mars were permanent and moved around in such a 
way as to show that the planet revolved on its axis. The markings 
given in his drawings can be traced at the present day, and are 
made use of to determine the exact period of rotation of the planet. 
So well is the rotation fixed by them that the astronomer can now 
determine the exact number of times the planet bas rotated on its 
axis since these old drawings were made. The period has been 
found to be 24?" 67^ 22»*7, a result which appears certaiu to one or 
two tenths of a second. It is therefore less than an hour greater 
than the period of rotation of the earth. 

liarfsee of Kars. — ^The most interesting result of these markings 
on Mwn is the probability that its surface is diversified by land and 
wates'j^vered by an atmosphere, and altogether very similar to the 
surf^ of the earth. Some portions of the surface are of a decided 
red di]|jOF, and thus give rise to the well-known fiery aspect of the 
pSahet. Other parts are of a greenish hue, and are therefore sup- 
to be seas. The most striking features are two brilliant white 
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regions, one lying around each pole of the planet. It has been sup- 
posed that this appearance is due to immense masses of snow and 
ice surrounding the poles. If this were so, it would indicate that 
the processes of evaporation, cloud formation, and condensation of 
vapor into rain and snow go on at the surface of Mars as at the sur- 
face of tlie earth. A certain amount of color is given to this theory 
by supposed changes in the magnitude of these ice-caps. But the 
problem of establishing such changes is one of extreme difidculty. 
The only way in which an adequate idea of this difficulty can be 
formed is by the student himself looking at Mars through a telescope. 

If he will then note how hard it is to make out the difEerent 
shades of light and darkness on the planet, and how they must vary in 
aspect under different conditions of clearness in our own atmosphere, 
he will readily perceive that much evidence is necessary to establish 
great changes. All we can say, therefore, is that the formation of 
the ice-caps in winter and their melting in summer has some evi- 
dence in its favor, but is not yet completely proven. 

Satelutes oe Mabs. 

Until the year 1877 Mars was supposed to have no satellites, none 
having ever been scon, in the most powerful telescopes. But in 
August of that year Professor Hall, of the Naval Observatory, 
instituted a systematic search with the great equatorial, which 
resulted in the discovery of two such objects. 

Tiiese satellites are by far the smallest celestial bodies known. It is 
of course impossible to measure their diameters, as they appear in 
tlie telescope only as points of light. The outer satellite is probably 
about six miles and the inner one about seven miles in diameter. 
The outer one was seen with the telescope at a distance from the 
earth of 7,000,000 times this diameter. The proportion would bo 
that of a ball two inches in diameter viewed at a distance equal to 
that between the cities of Boston and New York. Such a feat of 
telescopic socing is well fitted to give an idea of the power of modern 

optical instruments, . n ^ 

Professor Hall found that the outer satellite, which he called 
revolves around the planet in 80^ and the inner one, 
called EMos, in 7^ 88-^. The latter is only 6800 miles from the 
centre of Mars, and less than 4000 miles from its surface. It would 
therefore be almost possible with one of our telescopes on the sur- 
face of Mar* to see an object the size of a large animal on the 

This short distance and rapid revolution make the inner satellite 
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of Mwra one of the most interesting bodies with which we are ac- 
quainted. It performs a revolution in its orbit in less than half the 
time that Mwra revolves on its axis. In consequence, to the inha^ 
itants of Mm-a It would seem to rise in the west and set in the east. 
It will be remembered that the revolution of the moon around the 
earth and of the earth on its axis are both from west to east; but the 
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latter revolution being the more rapid, the apparent diurnal motion 
of the moon is from east to west. In the case of the inner satellite 
of Mo/n, however, this is reversed, and It therefore appears to move 
in the actual direction of its orbital motion. The rapidity of its 
phases is also ^uaUy remarkable. It is less than two hours from 
new moon to Htst quarter, and so on. TCbna the inhabitants of M<vr» 
may see their inner moon pass through alt ite phases from new to 
fnli and agsin to new in a single night. 




OHAPTEE VI. 
the minok planets. 

When the solar system was first mapped out in its true 
proportions by Oopeenious and Kepler, only six primary 
planets were known; namely. Mercury, Venus, the Earth, 
Mwrs, Jupiter, and Saturn. These succeeded eaeh other 
according to a nearly regular law, as we have shown m 
Chapter I., except that between Mars and Jupiter a gap 
was left where an additional planet might bo inserted, 
and the order of distances he thus made complete. It was 
therefore supposed by the astronomers of the seventeenth 
and eighteenth centuries that a planet might be found in 
this region. A search for this object was instituted to- 
ward the end of the last century, but before it hud made 
much progress a planet in the place of the one so long 
expected was found by Piazzi, of Palermo. The discov- 
ery was made on the first day of the present century, 1801, 
January 1st. 

In the course of the following seven years the astronom- 
ical world was surprised by the discovery of throe other 
planets, all in the same region, though not revolving in 
the same orbits. Seeing four small planets whore one 
large one ought to he, Olbers was led to his celebrated 
hypothesis that these bodies wore the fragments of a large 
planet.whicb had been broken to pieces by the action of 
some unknown force. 
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A generation of astronomers now passed away without 
the discoyery of more than these four. In 1845 a fifth 
planet of the group was found. In 1847 three more were 
discoyered, and discoyeries haye since been made at a rate 
which thus far shows no signs of diminution. The num- 
ber has now reached 225, and the discoyery of additional 
ones seems to be going on as fast as ever. The frequent 
announcements of the discoyery of planets which appear 
in the public prints all refer to bodies of this group. 

The minor planets are distinguished from the major 
ones by many characteristics. Among these we may men- 
tion their small size; their positions, all being situated be- 
tween the orbits of Mars and Jupiter; the great eccentrici- 
ties and inclinations of their orbits. 


Knm'ber of SmaU Planets.— It would be interesting to know how 
many of these planets there are in all, but it is as yet impossible even 
to guess at the number. As already stated, fully 200 are now 
known, and the number of new ones found every year ranges from 
7 or 8 to 10 or 12. If ten additional ones are found every year dur- 
ing the remainder of the century, 400 will then have been dis- 
covered. 

A minor planet presents no sensible disk, and therefore looks ex- 
actly like a small star. It can be detected only by its motion among 
die surrounding stars, which is so slow that hours must elapse before 
it can be noticed. 


Hagmtudes. It is impossible to make any precise measurement of 
the diameters of the minor planets. These can, however, be esti- 
iMted by the amount of light which the planet reflects. Supposing 
the proportion of light reflected about the same as iu the case of the 
iaiger planets, it is estimated that the diameters of the three or four 
which are those first discovered, range between 800 and 600 
lalometr^, while the smallest are probably from 20 to 60 kilometres 
Ima average diameter of all that are known is perhaps 

*** hundredth 

their Of solid bodies vary as the cubes of 

toke a tnilUoa of these planets to 

maKe one of the size of the earth. 
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M n V*. Tiio nrhits of the minor planets are much more 

thelr^dlstancefrom the sun 

‘^r'”ro7tSXrHtrts.-The question of the ori^n of these 

bodref^vas long one of great interest. 

M-m ii.. ““5:" *” 



CHAPTEE YII. 


JUPITER A.KD HIS SATELLITES. 
The Piahet Jupitee. 


Jupiter is mucli the largest planet in the system. His 
mean distance is nearly 800,000,000 kilometres (480,000,- 
000 miles). His diameter is 140,000 kilometres, corre- 
sponding to a mean apparent diameter, as seen from the 
sun, of 36^.5. His linear diameter is about liis surface 
is tJtj s.nd his volume of the sun. His mass is 

his density is thus nearly the same as the sun^s; 
viz.y 0.24 of the earth’s. He rotates on his axis in 
9 ^* 55 *“ 20 “. 

He is attended by four satellites, which were discovered 
by Galileo on January 7th, 1610. He named them, in 
honor of the Medicis, the Medicean stars. They are 
now known as Satellites I, II, III, and lY, I being the 
nearest. 


The surface ot Jupiter has been carefully studied with 
the telescope, particularly within the past twenty years. 
Although further from us than Mars, the details of his 
fek are much e^er to recog;nize. The most characteristic 
features are given in the drawings appended. These 
features are, first, the dark bands of the equatorial 
r^ons, and secondly, the cloud-like forms spread over 

At a,, 

be»w snril,™*!., thiu maioatiig a 
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highly absorptiTe atmosphere. The light from the centre 
of the disk is twice as bright as that from the poles. The 
bands can be seen with instruments no more powerful 
than those used by Galileo, yet he makes no mention of 
them. 

The color of the bands is reddish. The position of the 
bands varies in latitude, and the shapes of the limiting 
curves also change from day to day; but in the main they 
remain as permanent features of the region to which they 
belong. Two such bands are usually visible, but often 



Fio. Tl.— T blbsoopxo View of Jupiter and his Satellites. 


more are soon. IIersciibl, in the year 1793, attributed 
the aspects of the bands to zones of the planet’s atmos- 
phere more tranquil and less filled with clouds than the re- 
maining portions, so jis to permit the true surface of the 
planet to bo seen through these zones, while the prevailing 
clouds in the other regions give a brighter tint to^ these 
latter. The color of the bands seems to vary from time to 
time, and their bordering lines sometimes alter with such 
rapidity as to show that these borders are formed of some- 
thing like clouds. 

' The clouds themsolvoB can easily be seen at times, and 
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they have every variety of shape, sometimes appearing as 
brilliant circular white masses, but oftener they are similar 
in form to a series of white cumuhis clouds such as arc 
freq^uently seen piled up near the horizon on a summer’s 
day. The bands themselves seem frequently to be veiled 
over with something like the thin cirrus clouds of our at- 
mosphere. 



Fig. 7^— TmjESOOPio View op Juftter. -w^th a Satellitb and its Shauow 

SEEN ON THE DISK. 


Such clouds can be tolerably accurately obseryed, and may be used 
to determine the rotation-time of the planet. These observations 
^ow that the clouds have often a motion of their own, which is also 
evident from other considerations. 

The following results of observation of spots situated in various 
legions of the planet wiU illustrate this; 
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Th. m. «. 

Cassini 1665, rotation-time = 9 56 00 

Hbjrschbl ms, “ = 9 56 40 

Hbbsohbl 1779, " = 9 50 48 

SOHBOBTBR 1785, =; 9 56 66 

Beer and MXdler . 1835, r= 9 55 26 

Airy 1835, “ = 9 65 21 

Schmidt 1862, = 9 66 29 




99 . 

The Batelutes oe Jehteb. 

Hotlotti of tlio Batomtei«— The four satellites more about Jupiter 
from west to east in nearly circular orbits. When one of these 
satellites passes between the sun and Jupiter^ it casts a shadow upon 
(see Fig. 78) precisely as the shadow of our moon is 
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thrown upon the earth in a solar eclipse. If the satellite pa^ 
through Jupiter’s own shadow in its revolution, an eclipse of this 
satellite takes place. If it passes between the earth mi JvpzUr, it 
is projected upon Jupiter' » disk, and we have a transit; if Ju^r is 
between the earth and the satellite, an occultation of the latter oc- 
curs. All these phenomena can be seen with a common telescope, 
and the timsH of observation are all found predicted m the NatUtea 
AVmaruic. These shadows being seen black upon Ju'j^ter a surface, 
show tliat this planet shines by reflecting the light of the 

Telescopic Appearance of the Satellites. — Under ordinary ci c - 
stances, the satellites of Jupiter are seen to have disks; that is, not 
to be mere points of light. Under very favorable conditions, mark- 

ings have been seen on these disks. ^ 

The satellites completely disappear from telescopic view w 
they enter the shadow of the planet. This seems to show 
neither planet nor satellite is self-luminous to any great exlen . 
the satellite were self-luminous, it would be seen by its 
and if the planet were luminous, the satellite might be seen by the 

fleeted light of the planet. . , 

The motions of these objects are connected by two curious 
important relations discovered by La. Place, and expressed as o - 
lows I 

L The mean motion of Hie firat aatMite added to twice the n^njnr^ 
Hon of Hie third is exaOip equal to Hwee times the mean motion of the 
ucmi. 

IL ^ to Hie mean longitude of the firat aatedite m add turn the 
longitude cf His third, and aubtraci three Hmea the mean longUude of iM 
tecond, the difference is aheaye 180®. ^ ^ * iy, 

The first of these relations is shown in the following table of the 
mean daily motions of the satellites: 


Satellite I in one day moves 203". 4890 

« n “ ior.3748 

** jjj «« €t 50°. 3177 

<* lY ** « 21°. 5711 

Motion of Satellite 1 203®.4890 

Twice that of SateUite HI 100®.6864 


Sam 804®.1244 

Three times mollon of Satellite II 804® . 1244 


OhaervafloiiB dmwed that this condition was fulfilled as exactly as 
pesuble, tmt the discovery of La. Pi<acb consisted in showing that if 
^ approximate coincidence gf the mean motions was once estab- 
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Kshed, they could never deviate from exact coincidence with the 
law. The case is analogous to that of the moon, which always 
-presents the same face to us and which always will, since the rela- 
tion being once approximately true, it will become exact and ever 
remain so. 

The discovery of the gradual propagation of light by means of 
these satellites has already been described, and it has also been ex- 
plained that they are of use in the rough determination of longi- 
tudes. To facilitate their observation, the Nautical Almanac gives 
complete ephemerides of their phenomena. A specimen of a portion 
of such an ephemeris for 1865, March 7th, 8th, and 9th, is added. 
The times are Washington mean times. 

1866— Mauch. 





7i. m, 8. 

I 

Eclipse 

Bisapp. 

7 18 27 88.5 

I 

Occult. 

Keapp. 

7 21 66 

III 

Shadow 

Ingress 

8 7 27 

in 

Shadow 

Egress 

8 9 58 

III 

Transit 

Ingress 

8 12 81 

II 

Eclipse 

Bisapp, 

8 13 1 22.7 

III 

Transit 

Egress 

8 15 6 

II 

Eclipse 

Reapp. 

8 15 24 11.1 

II 

Occult. 

Bisapp, 

8 15 27 

I 

Shadow 

Ingress 

8 15 48 

I 

Transit 

Ingress 

8 16 58 

I 

Shadow 

Egress 

8 17 57 

II 

* Occult, 

Reapp. 

8 17 59 

I 

Transit 

Egress 

8 19 18 

I 

Eclipse 

Bisapp. 

9 12 55 50.4 

I 1 

Occult. 

Reapp. 

9 16 25 


Suppose an observer near New York City to have determined his 
local time nccuratoly. This is about 13’“ faster than Washington 
time. On 1865. March 8tlj, he would look for the reappearance of 
II at about 15^ 84“ of hia local time. Suppose he observed it at 
16^ 86“ 22‘.7 of bis time: then his meridian is 12’“ 11*.6 oast of 
Washington, The diflBlculty of observing these eclipses with accu- 
racy, and the fact that the aperture of the telescope employed has an 
important effect on the appearnnoes seen, have kept this method 
from a wide utility, which it at first seemed to promise. 



CHAPTER VIII. 

BATTJKN AND ITS SYSTEM. 

Geitebal desceietioh. 

^a^^roistliemost distant of the major planets known 
to the ancients. It revolves around the sun in 29-i- years, 
at a mean distance of about 1,400,000,000 kilometres 
(882,000,000 miles). The angular diameter of the ball of 
the planet is about 16^2, corresponding to a true diameter 
of about 110,000 kilometres (70,500 miles). Its diame er 
is therefore nearly nine times and its volume about 70 
times that of the earth. It is remarkable for its small 
density, which, so far as known, is less than that of aiiy 
other heavenly body, and even less than that of water, 
revolves on its axis in 10^ 14“ 24% or less than half a day. 

Saturn is perhaps the most remarkable planet in the 
solar systeih, being itself the centre of a system of its 
own, altogether unlike anything else in the heavens- Its 
most noteworthy feature is a pair of rings which surround, 
it at a considerable distance from the planet itself. Out- 
ride of these rings revolve no less than eight satellites, 
or twice the greatest number known to surround any other 
planet- The planet, rings, and satellites are altogethei 
called the Saiurnian system. The general appearance oi 
this system, as seen in a sm^ telescope, is shown in Fig. 7 4, 



SATTTRN AND ITS SYSTEM. 


247 


To the naked eye Saturn is of a dull yellowish color, 
shining with about the brilliancy of a star of the first mag- 
nitude. It varies in brightness, however, with the way in 
which its ring is seen, being bi’ighter the wider the ring 
appears. It comes into opposition at intervals of one year 
and from twelve to fourteen days. The following are the 
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times of some of these oi)po8itions, by studying which one 
will be enabled to recognize the planet: 


1885 December 26th. 

1887.. January 8th. 

1888 January 22d. 


Daring these years it will bo best seen in the autumn 
and winter. 

Wh^ viewed with a telesoopo, the physical appearance 
of the ban of Saturn is quite similar to that of Jupiter, 
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lidiYing liglit &ud. dflxls "b6lts p&rallol to tlic dircctiou of its 
rotation. 


The Eihgs or Sattjeh. 

The rings are the most remarkable and characteristic feature of 
the Saturnian system. Fig. 76 gives two views of the ball and nn^. 
The upper one shows one of their aspects as actually presented m 
the teleLope. and the lower one shows what the 
he if the planet were viewed from a direction at right angles o the 

plane of the ring (which it never can be from the earth). 

The first telescopic observers of Saturn were unable to see the 
Tings in their true form, and were greatly perplexed to account 
for the appearance which the planet presented. (Japilbo described 
the planet as “ tri-corpornte,” the two ends of_ the ring having, in hw 
imperfect telescope, the appearance of a pair o snia p ® * 
tacLdto the central one. “On each side of old “J' 

vilors who aided him on his way.” This supposed discovery was 
announced to his friend Kbpleb. in this logogrlph: ^ . . . 

“smaismrmilmepoetalevndbunenugttaviras, which, being tians- 

**°»*Adtis8imum planetam tergeminum observavi” (I have observed 
the most distant planet to he tri-form). 

The phenomenon constantly remained a mystery to its first ob- 
server. In 1610 he had seen the planet accompanied, as he supposea, 
by two lateral stets; in 1612 the latter had vanished and the central 
body Slone remained. After that Qalipbo ceased to ohsew ^turn. 

The appearances of the ring were also incomprehensible to Hb- 
VELIPS, Gassbhdi, and others. It was not until 1665 (after seven 
years of observation) that the celebrated HuvanuNS discovered the 
true explanation of the remarkable and recurring series of phenom- 
ena preseut by the tri-corporate planet. 

He announced his conclusions in the following logogriph: 

“ aaaaaa ccccc d eeeee g h iiiiiii 1111 mm nnnnminnn oooo pp q rr s 
ttttt nuuuui” which, when aiTanged, read— 

“Annul© cingitur, tenui, piano, nusquam coherente, ad eclipticam 
inclinato” (it is girdled by a thin plane ring, nowhere touching, in- 
clined to the ecliptic), 

rn^ls' description is complete and accurate. 

In 16^ it was found by Casstnt, that what Huyghens liad seen 
as ii.sin^e ring was really two. A division extended all the way 
fMnnd near the outer edge. This division is shown in the figures. 

Messrs of Harvard College Observatory, found 
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that there was a third ring, of a dusky and nebulous aspect, inside the 
other two, or rather attached to the inner edge of the inner ring. It 
is therefore known as BoncPs dusky ring. It had not been before fully 
described owing to its darkness of color, which made it a difficult 
object to see except with a good telescope. It is not separated 
the bright ring, but seems as if attached to it. The latter shades oft 
toward its inner edge, and merges gradually into the dusky ring. 

The latter extends about half way from the inner edge of the bright 
ring to the ball of the planet. 

Aspect of the Bings.— As BaMm revolves around the sun, tne 
plane of the rings remains parallel to itself. That is, if we consider 
a straight line passing through the centre of the planet, perpendic- 
ular to the plane of the ring, as the axis of the latter, this axis will 
always point in the same direction. In this respect the motion is 
similar to that of the earth around the sun. The ring of Saturn^ 
inclined' about 27® to the plane of its orbit. Consequently, as the 
planet revolves around the sun, there is a change in the direction in 
which the sun shines upon it similar to that which produces the 
change of seasons upon the earth, as shown in Fig. 82. 

The corresponding changes for Saturn are shown in Fig 76. Dur- 
ing each revolution of Saturn the plane of the ring passes through 
the sun twice. This occurred in the years 1862 and 1878, at tw'o 
opposite points of the orbit, as shown in the figure. At two other 
points, midway between these, the sun shines upon the plane of the 
ring at its greatest inclination, about 27®. Since the earth is little 
more than one tenth as far from the sun as Saturn is, an observer 
always sees Saturn nearly, but not quite, as if he were upon the sun. 
Hence at certain times the rings of Saturn are seen edgeways; while 
at other times they are at an inclination of 27®, the aspect depending 
upon the position of the planet in its orbit. The following are the 
times of some of the phases: 

1878, February 7th. — ^The edge of the ring was turned toward the 
sun. It could then be seen only as a thin line of light. 

1885.— The planet having moved forward 90®, the south side of the 
rings may be seen at an inclination of 27®. 

1891, December.— The planet having moved 90® further, the edge 
of the ring is again turned toward the sun. 

1899. — ^Thc north side of the ring is inclined toward the sun, and 
is sb^ at its greatest inclination. 

The rings are extremely thin in proportion to their extent. Con- 
sequeattiy, when their edges are turned toward the earth, they appear 
•a a thin line of light, which can he seen only with powerful tele- 
ooopea^ 'With such telescopes, the planet appears as if it were^ 
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^ W ■> P>~ S: ptoef ttaC 

^ rrii..,f fo tViA fliin shines on one siae oi me img, 

earth. That is, the su , Xn this case it seems 
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so the subBtance of the rings cannot be transpawnt to the sun's rays. 

“ rr'Jli’C 'XSptKTpS «:». objeof 
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It is now established beyond reasonable doubt that the rings do not 
form a continuous mass, but are really a countless multitude of small 
separate particles, each of which revolves on its own account. These 
satellites are individually far too small to be seen in any telescope, but 
so numerous that when viewed from the distance of the earth they 
appear as a continuous mass, like particles of dust floating in a 
sunbeam. 


SateIiUtes of Satfbk. 


* Outside the rings of JSatum revolve its eight satellites, the order 
and discovery of which are shown in the following table: 


No. 

NjLME. 

Distance 

from 

Planet. 

Discoverer. 

Date of Discovery. 

1 

Mimas 

3-8 

Herschel 

1789, September 17. 

2 

Enceladus 

4-8 

Herschel 

1789, August 28, 

8 

Tethys 

6-3 

Cassini 

1684, March. 

4 

Dione 

6-8 

Cassini 

1684, March. 

5 

Rhea 

9-5 

Cassini 

1672, December 28. 

6 

Titan 

20-7 

Huyghens 

1655, March 26. 

7 

Hyperion 

26-8 

Bond 

1848, September 16. 

8 

Japetus 

64*4 

Cassini 

1671, October. 


The distances from the planet are given in radii of the latter. The 
satellites Mirruis and Hyperion are visible only in the most powerful 
telescopes. The brightest of all is Titan, which can be seen in a 
telescope of the smallest ordinary size. Japeiue has the remarkable 
peculiarity of appearing nearly as bright as litan when seen west of 
the planet, and so faint as to be visible only in large telescopes when 
on the other side. This appearance is explained by supposing that, 
like our moon, it always presents the same face to the planet, and 
that one side of it is dark and the other side light. When west of 
the planet, the bright side is turned toward the earth and the satel- 
lite is visible. On the other side of the planet, the dark side is turned 
toward us, and it is nearly invisible. Kost of the remaining five 
satellites can ordinarily be seen with telescopes of moderate power. . 



CHAPTER IX. 


THE PLANET TJRANUB. 

Uranus "was discoyered on. Marcli 13 Lh, 1781, by Sir 
WlUAAM Heeschel (tlien an amateur observer) -witli a 
ten-foot reflector made by himself. He was examining a 
l>ortion of the sky near H Geminorum, when one of the 
stai-s in the field of view attracted his notice by its pecnliar 
appearance. On further scrutiny, it proved to have a 
planetary disk, and a motion of over 2" per hour. Herschei 
at first supposed it to be a comet in a distant part of its 
orbit, and under this impression parabolic orbits were com- 
puted for it by various mathematicians. None of these, 
however, satisfied subsec[uent observations, and it was 
finally determined that the new body was a planet revolv- 
ing in a nearly circular orbit. We can scarcely compre- 
hend now the enthusiasm with which this discovery was 
received. No new body (save comets) had been added to 
the solar system since the discovery of the thii’d satellite 
of Gafurn in 1C84, and all the inaior planets of the ieavens 
had boon known for thousands of years, j. ' ;. .,3 - . 

Uranus revolves about the sun in 84 years. Its apparent 
as, seen from the earth yaii'es littlp:r..beiiig about 

3*. 9. Its, true diameter is about 50,000 kilometres, ;^d -its 

figure is Spheroidal. . \ .ii. 

In physidal appearance it is a small ^eemsh djsk-wiith; 
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out markings. It is possible tbat tbe centre of the disk is 
slightly brighter than the edges. At its nearest approach 
to the earth, it shines as a star of the sixth magnitude, 
and is just visible to an acute eye when the attention is 
directed to its place. In small telescopes with low powers, 
its appearance is not markedly different from that of stars 
of about its own brilliancy. 

Sir W1LLIA.M: Herschbl suspected that Uranus was ac- 
companied by six satellites. 

Of the existence o£ two of these satellites there has never 
been any doubt. No one of the other four satellites de- 
scribed by Herschel has ever been seen, and he was 
undoubtedly mistaken in supposing them to exist. Two 
additional ones were discovered by Lxssell in 1847, and 
they are, with the satellites of Mars, the faintest objects in 
the solar system. Neither of them is identical with any of 
the missing ones of Herschbl. As Sir William Her- 
SOHEL had suspected six satellites, the following names for 
the true satellites are generally adopted to avoid confusion: 

L Ami Period = 2.530383 

n. Urnbrid “ = 4.144181 

III. TVtoma, Herschel’s (II.) = 8.705897 

IV. Ofttffoa, Herschel’s (IV.) “ = 18,463269 

It is likely that Ariel varies in brightness on different 
sides of the planet, and the same phenomenon has also 
been suspected for Titania. 

The most remarhable feature of the satellites of Uranus is that 
their orbits are nearly perpendicular to the ecliptic instead of 
having a small inclination to that plane, like those of all the orbits 
of both planets and satellites previously known. To form a correct 
idea of the position of tne orbits, we must imagine them tipped over 
nntil their north pole is nearly 8° below the ecliptic, instead of 90*' 
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m,. «f thf orbit which should he conmdered as the 

above it. The pole observer look down upon a re- 
north one te that to turn in a direction opposite 

volving body, the the orbit is tipped over more 

that of the hands of a • noint in the direction of the 

than a right angle, the mohon P jt jg 

highly probable that the Stellites and is therefore an oblate 

spheroid like the earth. satellites wore not kept together by 

eration that if the P'"®® . ^jjy deviate from each other owing to 

some cause, they planet The different satel- 

the attractive force of the sun ®P®“ P“t ^euld be extremely 

htes would deviate by different ’ ,jg jeund in the 

improbable that all the ^e conclude that 

cause such a force. 
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THE PLANET NEPTUNE. 

Aftee the planet Uranus had been observed for some 
thirty years, tables of its motion were prepared by Bou- 
YAED, He had as data available for this purpose not only 
the observations since 1781, but also observations extend- 
ing back as far as 1695, in which the planet was observed 
and supposed to be a fixed star. As one of the chief diffi- 
culties in the way of obtaining a theory of the planet’s 
motion was the short period of time during which it had 
been regularly observed, it was to be supposed that these 
ancient observations would materially aid in obtaining 
jxact accordance between the theory and observation. But 
it was found that, after allowing for all perturbations pro- 
duced by the known planets, the ancient and modern 
observations, though undoubtedly referring to the same 
object, were yet not to be reconciled with each other, but 
differed systematically. Boijtaed was forced to omit the 
older observations in his tables, which were published in 
1820, and to found his theory upon the modern observa- 
tions alone. By so doing, he obtained a good agreement 
between theory and the observations of the few years 
immediately succeeding 1820. 

Boutaed seems to have formulated the idea that a pos- 
sible cause for the discrepancies noted might be the exist- 
ence of an unknown planet, but the meagre data at his 
disposal forced him to leave the du^ject untouchedi lu 
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1830 it ^as found that the tables which represented the 
Loin of the planet well in 1820-25 were 20' an e.or, xn 
1840 the error was 90', and in 1845 it was oyer m . 

These progressive and systematic changes attracted the 

the motion of Urmns. The actual discrepancy (120 ) m 
1845 Is not a quantity large in itself. Two stars of the 
magnitude of Uranus, and separated hy only 120 , would 
be Sen as one to the unaided eye. It was on account of 
its systematic and progressive increase that suspicion wa 
excited. Several astronomers , attacked the problem in 
various ways. The elder Stbuve, at Pnlkova, prosecuted 
a search for a new planet along with his double-star obser- 
vations- Bessel, at Koenigsberg, set a student of Ins own, 
Fleming, at a new comparison of observation with theoiy, 
in order to furnish data for a new determination; Aeago, 
then Director of the Observatory at Pans, suggested this 
Bubiect in 1845 as an interesting field of research to Le 
Veeeibe, then a rising mathematician and astronomOT. 
Mr J 0. Adams, a student in Cambridge XJniversi^, 
England had become aware of the problems presented by 
the auomalies in the motion of Uranus and attod 
oc o<irW ‘IS 1843. In October, 1845, ADAMS 
this ^ Astronomer Boyal of England ele- 

commun cated to the^t ^ p,,auce the per- 

to^ations of the motion of Uranus which had actually 
been observed. Such a prediction from an entirely un- 
known student, as Adams then was, did not <>^”7 
^ • r it A series of accidents prevented the 

being looked for by one of the lar^st 
telescopes in England, and so the matter apparently 
droppe?. It may be noted, however, that we now know 
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Adams’ elements of the new pla,nefc to have been so near 
the truth that if it had been really looked for by the power- 
ful telescope which afterward discovered its satellite, it 
could scarcely have failed of detection. 

Bessel’s pupil Flemiko died before his work was done, 
and Bessel’s researches were temporarily brought to an 
end. Stkuve’s search was unsuccessful. Only Le Vbr- 
rieb continued his investigations, and in the most 
thorough manner. He first computed anew the pertur- 
bation of Uramos produced by the action of Jupiter and 
Saturn. Then he examined the nature of the irregulari- 
ties observed. These showed that if they were caused by 
an unknown planet, it could not be between Sahmi and 
Uranus^ or else Saturn would have been more affected 
than was the case. 

The new planet was outside of Uranus if it existed at 
all, and as a rough guide Bonn’s law was invoked, which 
indicated a distance about twice that of Uranus. In the 
summer of 1846 Le Vbrrier obtained complete elements 
of a new planet, which would account for the observed 
irregularities in the motion of Uranus, and these were 
published in France. They were very similar to those of 
Adams, which had been communicated to Professor Ohal- 
Lis, the Director of the Observatory of Cambridge, Eng- 
land. 

A search was immediately begun by Challis for such 
an object, and as no star-maps were at hand for this region 
of the sky, he began mapping the surrounding stars. In 
so doing the new planet was actulally observed, both on 
August 4th and 12th, 1846, but the observations remain- 
ing unreduced, and so the planetary nature of the object 
was not recognized. 



TEE PLANET NEPTUNE. 


269 


In September of the same year Lb Vereibe wrote to 
Dr. Gailb, then Assistant at the Observatory of Berlin, 
asking him to search for the new planet, and directing 
him to the place where it should be found. By the aid 
of an excellent star-chart of this region, which had just 
been completed, the planet was found September 23d, 1846. 

The strict rights of discovery lay with Lb Veeeibe, 
but the common consent of mankind has always credited 
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Adams with an equal share in the honor attached to this 
most brilliant achievement. Indeed, it was only by the 
most unfortunate succession of accidents that the discovery 
did not attach to Adams’ researches. One thing must in 
fairness be said, and that is that the results of Lb Vee- 
eibe, which were reached alter a most thorough investi- 
gation of the whole ground, were announced with an en- 
tire confidence which, perhaps, was lacking in the other 
QftSet 
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This brilliant discoyery created more enthusiasm than 
even the discovery of Uranus, as it was by an exercise of 
far higher qualities that it was achieved. It appeared to 
savor of the marvellous that a mathematician could say 
to a working astronomer that by pointing his telescope to 
a certain small area, within it should be found a new 
major planet. Yet so it was. 

The general nature of the disturbing force which le- 
vealed the new planet may be seen by Fig* 77, which 
shows the orbits of the two planets, and their respective 
motions between 1781 and 1840. The inner orbit is that 
of Uranus, the outer one that of Neptune. The arrows 
passing from the former to the latter show the directions 
of the attractive force of Neptune. It will be seen iliat 
the two planets were in conjunction in the year 1822, 
Since that time Uranus has, by its moi’e rapid motion, 
passed more than 90° beyond Neptune, and will continue 
to increase its distance from the latter until the begin- 
ning of the next century. 

Our knowledge regarding Neptune is mostly confined to 
a few numbers representing the elements of its motion. 
Its mean distance is more than 4,000,000,000 kilometres 
(2,775,000,000 miles); its periodic time is 164.78 years; 
its apparent diameter is 2.6 seconds, corresponding to a, 
true diameter of 55,000 kilometres. Gravity at its surface 
is about nine tenths of the corresponding terrestrial surface 
gravity. Of its rotation and physical condition nothing 
is known. Its color is a pale greenish blue. It is attended 
by one satellite, which Was discovered by Mr. LassulIi, of 
England, in 1847. The satellite requires a telescope of 
twelve inches’ aperture or upward to be well seen* 
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THE PHYSICAL CONSTITUTION OF THE PLANETS. 

It is remarkable that the eight large planets of the solar 
system, considered with respect to their physical constitu- 
tion as revealed by the telescope and the spectroscope, may 
be divided into four pairs, the planets of each pair having 
a great similarity, and being quite different from the ad- 
joining pair. 

Mercury and Venus.— Passing outward from the sun, the 
first pair we encounter will be Mercury and Ve^ms. The 
most remarkable feature of these two planets is a negative 
rather than a positive one, being the entire absence of any 
certain evidence of change on their surfaces. We have al- 
ready shown that Vemc^^ has a considerable atmosphere, 
while there is no evidence of any such atmosphere around 
Mercury, They have therefore not been proved alike in 
this respect, yet, on the other hand, they have not been 
proved different. In every other respect than this the 
similarity appears perfect. No permanent markings have 
ever been certainly scon on the disk of cither. If, as is 
possible, the atmosphere of both planets is filled with clouds 
and vapor, no change, no openings, and no formations 
among these cloud masses are visible from the earth. When- 
ever either of those planets is in a certain position relative 
to the earth and the sun, it seemingly presents the same 
appearance, and not the slightest change occurs in that 
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appearance from the rotation of the planet on its axis, 
which every analogy of the solar system leads ns to believe 
must take pl^e. 

When studied with the spectroscope, the spectra of Mer- 
cury and Venus do not differ strikingly from that of the 
sun. This would seem to indicate that the atmospheres of 
these planets do not exert any decided absorption upon the 
rays of light which pass through them ; or, at least, they 
absorb only the same rays which are absorbed by the at- 
mosphere of the sun and by that of the earth. The one 
point of difference is that the lines of the spectrum pro- 
duced by the absorption of our own atmosphere appear 
darker in the spectrum of Venus. If this were so, it 
would indicate that the atmosphere of Venus is similar in 
constitution to that of our earth, because it absorbs the 
same rays. But the means of measuring the darkness of 
the lines are as yet so imperfect that it is impossible to 
speak with certainty on a point like this. 

The Earth and Mars. — These planets are distinguished 
from all the others in that their visible surfaces are mark- 
ed by permanent features, which show them to be solid, 
and which can be seen from the other heavenly bodies. It 
is true that we cannot study the earth from any other 
body, but we can form a very correct idea how it would 
look if seen in this way (from the moon, for instance). 
Wherever the atmosphere was clear, the outlines of the 
continents and oceans would be visible, while they would 
be invisible where the air was cloudy. 

Now, so far as we can judge from observations made at 
so great a distance, never much less than forty millions of 
miles, the planet Mars presents to our telescopes very 
much the same general appearance that the earth wo\ild if 
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observed from an equally great distance. The only ex- 
ception is that ihe visible surface of Mars is seemingly much 
less obscured by clouds than that of the earth would be. In 
other words, that planet has a more sunny sky than ours. 
It is, of course, impossible to say what conditions we might 
find could we take a much closer view of Mars : all we can 
assert is, that so far as we can judge from this distance, 
its surface is like that of the earth. 

This supposed similarity is strengthened by the spectro- 
scopic observations. 

Jupiter and Saturn. — The next pair of planets is Jupi- 
ter and Saturn, Their peculiarity is that no solid crust 
or sui'face is visible from without. In this respect they 
differ from the earth and Mars, and resemble Mercury 
and Vemis, But they differ from the latter in the very 
important point that constant changes can be seen going 
on at their surfaces. The preponderance of evidence is 
in favor of the view that these planets have no solid 
crusts whatever, but consist of masses of molten matter, 
surrounded by envelopes of vapor constantly rising from 
the interior. 

This view is further strengthened by their very small 
specific gravity, which can be accounted for by supposing 
that the liquid interior is nothing more than a compara- 
tively small central core, and that the greater part of the 
bulk of each planet is composed of vapor of small density. 

That the visible siu’faces of Juinier and Saturn are cov- 
ered by some kind of an atmosphere follows not only from 
the motion of the cloud forms seen there, but from the 
spectroscopic observations. 

Uranus and Neptune. — These planets have a strikingly 
similar aspect when seen through a telescope. They differ 
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from Jupiter and Saturn in that no changes or yariationa 
of color or aspect can be made out upon their surfaces; 
and from the earth and Mars in the absence of any perma- 
nent features. Telescopically, therefore, we might classify 
them with Mercury and Venus, but the spectroscope re- 
yeals a constitution entirely diJlerent from that of any 
other planets . The most marked features of their spectra 
are yery dark bands, eyidently produced by the absorption 
of dense atmospheres. Owing to the extreme faintness of 
the light which reaches us from these distant bodies, the 
regular lines of the solar spectrum are entirely invisible in 
their spectra, yet these dark bands which are peculiar to 
them have been seen by several astronomers. 

This classification of the eight planets into pairs is ren- 
dered yet more striking by the fact that it applies to what 
we have been able to discover respecting the rotations of 
these bodies. The rotation of the inner pair, Mm\try 
and Venus, has eluded detection, notwithstanding their 
comparative proximity to us. The next pair, the earth 
and Mars, have perfectly definite times of rotation, 
because their outer surfaces consist of solid crusts, every 
part of which must rotate in the same time. Thonext 
pair, Jupiter and Sahmi, have well-established times 
of rotation, but these times are not perfectly definite, 
because the surfaces of these planets are not solid, and dif- 
ferent portions of their mass may rotate in slightly diflEorent 
times. Jupiter and Saturn have also in common a very 
rapid rate of rotation. Finally, the outer pair, Uranus 
and Neptune, seem to be surrounded by atmospheres of 
such density that no evidence of rotation can be gathered. 
Thus it seems that of the eight planets only the central 
four have yet certainly indicated a rotation on their axes. 



CHAPTER XII. 


METEORS. 

Phekoheka Aim Causes oe MEteoes. 

Dueiko the present century evidence has been collected 
that countless masses of matter, far too small to be seen 
with the most powerful telescopes, are moving through 
the planetary spaces. This evidence is afforded by the 
phenomena of “aerolites,” “meteors,” and “shooting- 
stars.” Although these several phenomena have been ob- 
served and noted from time to time since the earliest his- 
toric era, it is only recently that a complete explanation 
has been reached. 

Aerolites. — Reports of the falling of large masses of 
stone or iron to the earth have been familiar to antiqua- 
rian students for matiy centuries. The problem where 
such a body could como from, or how it could get into the 
atmosphere to fall down again, formerly seemed so nearly 
incapable of solution that it required some credulity to 
admit the facts. When the evidence became so strong as 
to bo indisputable, theories of their origin began to be 
propounded. One theory quite fashionable in the early 
part of this contui7 was that they were thrown from 
volcanoes in the moon. This theory has little to sup- 
port it. 

The proof that aerolites did really fall to the ground first became 
conclusive by the fall being connected with other more familiar 
phenomena. Nearly every ohe who is at all observant of the 
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heavens is familiar with bolides, or fire-balls — brilliant objects having 
the appearance of rockets, which are occasionally seen moving with 
great velocity through the upper regions of the atmosphere. 
Scarcely a year passes in which such a body of extraordinary bril- 
liancy is not seen. Generally these bodies, bright though they may 
be, vanish without leaving any trace, or making themselves evident 
to any sense but that of sight. But on rare occasions their appearance 
is followed at an interval of several minutes by loud explosions like 
the discharge of a battery of artillery. The fall of these aerolites is 
^ways accompanied by light and sound, thotigh the light may be 
invisible in the daytime. 

When chemical analysis was applied to aerolites, they were proved 
to be of extramundane origin, because they contained chemical 
combinations not found in terrestrial substances. It is ti*ue that they 
contained no new chemical elements, but only a combination of the 
elements which are found on the earth. These combinations are 
now so familiar to mineralogists that they can distinguish an aerolite 
from a mineral of terrestrial origin by a careful examination. One 
of the most frequent components of these bodies is iron. 

Keteora,— Although the meteors we have described are of dazzling 
brilliancy, yet they run by insensible gradations into phenomena, 
which any one can see on any clear night. The most brilliant 
meteom of all are likely to be seen by one person only two or three 
tii^ in his life. Meteors having the appearance and brightness of 
a distant rocket may be seen several times a year. Bmallor ones 
^ux more frequently; and if a careful watch be kept, it will be 
ound that several of the faintest class of all, familiarly known as 
^ting^tars, can be seen on every clear night. We can draw no 
d^tinction between the most brilliant meteor illuminating the whole 
sky, and perhaps making a noise like thunder, and the faintest 
^ootmg-star, except one of degree. There seems to be every grada- 
tion between these extremes, so that all should be traced to some 
common cause. 


CftBie of Keteom.— There is now no doubt that all these phenomena 

to earth encounter- 
around the sun. 

^ “eteo” with these invisible bodiee 

hnlhancy and rapid disappearance of the meteors, 
tion of liirTit ^ed,Why do they bum with so great an evolu- 

^ “8wer this question 

^ust have recourse to the mechanical theory of heat Heat is a 
■nbtatoiy motion in the narticlea nf IT ^ 

moUon hi those of ^ea Bv * progressive 

S^sos. By making this motion more rapid we 
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make the body warmer. By simply blowing air against any coin- 
bustible body with sufficient velocity it can be set on lire, and, if 
incombustible, the body will be made red-hot and finally melted. 
Experiments to determine the degree of temperature thus produced 
have been made which show that a velocity of about 50 metres per 
second corresponds to a rise of temperature of one degree Centi- 
grade. From this the temperature due to any velocity can be readily 
calculated on the principle that the increase of temperature is pro- 
portional to the ‘‘energy** of the particles, which again is propor- 
tional to the square of the velocity. Hence a velocity of 500 metres 
per second would correspond to a rise of 100“ above the actual tem- 
perature of the air, so that if the latter was at the freezing-point the 
body would be raised to the temperature of boiling water. A velocity 
of 1500 metres per second would produce a red heat. 

The earth moves around the sun with a velocity of about 80,000 
metres per second; consequently if it met a body at rest the concus- 
sion between the latter and the atmosphere would correspond to a 
temperature of more than 300,000“. This would instantly dissolve 
any known substance. 

It must be remembered that when wc speak of these enormous 
temperatures, we arc to consider them as potential, not actual, tem- 
peratures. We do not mean that the body is actually raised to a 
temperature of 800,000“, but only that the air acts upon it as if it 
were put into a furnace heated to this temperature; that is, it is 
rapidly destroyed by the intensity of the heat. 

This potential temperature is independent of the density of the 
medium, being the same in the rarest as in the densest atmosphere. 
But the actual effect on the body is not so great in a rare as in a 
dense atmosphere. Every one knows that ho can hold his hand 
for some time in air at the temperature of boiling water. The rarer 
the air the higher the temperature the hand would bear without 
injury. In an atmosphere as mre as ours at the height of 60 miles, 
it is probable that the hand could be held for an indefinite period, 
though its tempemturo should bo that of red-hot iron; hence the 
meteor is not consumed so rapidly as if it struck a dexise atmosphere 
with planetary velocity. In the latter case it would probably dis- 
appear like a flash of lightning. 

The amount of heat evolved is measured not by that which 
would result from the combustion of the body, but by the vis viva 
(energy of motion) which the body loses in the atmosphere. The 
student of physics knows that motion, when lost, is changed into a 
definite amount of heat. If we calculate the amount of heat wliich 
is equivalent to the energy of motion of a pebble having a velocity 
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of 20 miles a second, we shall find it sufficient to raise about 1300 
times the pebble’s weight of water from the freezing to the boiling 
point. This is many times as much heat as could result from burn- 
ing even the most combustible body. 

The detonation which sometimes accompanies the passage of 
very brilliant meteors is not caused by an explosion of the meteor, 
but by the concussion produced by its rapid motion through our at- 
mosphere. This concussion is of much the same nature as that pro- 
duced by a flash of lightning. The air is suddenly condensed in 
front of the meteor, while a vacuum is left behind it. 

The invisible bodies which produce meteors in the way just de- 
scribed have been called meteoroids. Meteoric phenomena depend 
very largely upon the nature of the meteoroids, and the direction and 
velocity with which they are moving relatively to the earth. With 
very rare exceptions, they are so small and fusible as to be entirely 
dissipated in the upper regions of the atmosphere. Even of those 
so hard and solid as to produce a brilliant light and the loudest deto- 
nation, only a small proportion reach the earth. On rare occasions 
the body is so hard and massive as to reach the earth without being 
entirely consumed. The potential heat produced by its passage 
through the atmosphere is then all expended in melting and destroy- 
ing its outer layera, the inner nucleus remaining unchanged. When 
such a body first strikes the denser portion of the atmosphere, the 
resistance becomes so great that the body is generally broken to 
pieces Hence we very often find not simply a single aerolite, but a 
small shower of them. 

Heights of Meteors. — Many observations have been made to deter- 
mine the height at which meteors are seen. This is effected by two 
observers stationing themselves several miles apart and mapping o\it 
the courses of such meteors as they can observe. In the case of very 
bnlliant meteors, the path is often determined with considerable pre- 
cision by the direction in which it is seen by accidental observers in 
various regions of the country over which it passes This observa- 
tion is nothing but a simultaneous determination of the parallax of a 
meteor as seen from two stations. See Fig. 17. 

Meteors and shooting-stal« commonly commence to be visible at a 
height of about 160 kilometres, or 100 statute miles. The separate 
resnlte vary widely, but this is a rough mean of them. They 
are generally dissipated at about half this height, and therefore 
^ve the hi^aest atmosphere which reflects the rays of the sun. 
. it may be inferred that the earth’s atmosphere rises to a 
of at least 160 kfiometres. This is a much greater height than 

» was lonneriy supposed to have. 
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Meteobic Showees. 

As already stated, the phenomena of shooting-stars may 
be seen by a carefxil observer on almost any clear night. 

In general, not more than three or fonr of them vnll bo 
seen in an hour, and these will be so minute as hardly to 
attract notice. But they sometimes fall in such numbers 
as to present the appearance of a meteoric shower On 
rare occasions the shower has been so striking as to fill the 
beholdprs with terror. The ancient and 1®^^ 
contain many accounts of these phenomena which have been 
brought to light through the researches of 

It has long been known that some showcis of tl 
occur at anlterval of about a third of a century. One 
was observed by Humboldt, on the Andes on the night o 
November 12th, 1709, lasting from two_ o clock ^^'til day- 
light. A great shower was seen m this country m l , 
and is well known to have struck the negroes of the 
S„„a.m State terrov. Th. flter, 
occur ct inlcrvul. of 31 yo«rc ^ propotefled l-y 0 
who predicted a return of the shower m 1807. This pie 
diction was completely fulfilled. 

in the year 1867 only, it was first noticed in 1800 On the 
.light of Novonibcr 13tli of that year a remarkable showci 
was seen in Europe, while on the eorrespondmg night of 
the year following it was again seen in this countiy, , 
in fact, was repeated for two or three years, gradually dy- 

TrLurrence of a shower of meteors evidently shows 
that the earth encounters a swarm of meteoroids The - 
currence at the same time of the year, whon tl>o earth « 
in the same point of its orbit, shows that the earth meets 
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the swarm at the same point in successive years. All the 
meteoroids of the swarm must of course be moving in the 
same direction, else they would soon be widely scattered. 
This motion is connected with the radiant pointy a well- 
marked feature of a meteoric shower. 


Badiant Point. — Suppose that, during a meteoric shower, we mark 
the path of each meteor on a star-map, as in the figure. If we con- 
tinue the paths backward in a straight line, we shall filnd that they 
all meet near one and the same point of the celestial sphere ; that is, 
they move as if they all radiated from this point. The latter is, 
therefore, called the radiant point In the figure the lines do not all 
pass accurately through the same point. This is owing to the un- 
avoidable eiTors made in marking out the path. 

It is found that the radiant point is always in the same position 
among the stars, wherever the observer may be situated, and that 
<u the stars apparently move toward the west, the radiant point m/yees 
them. 


The radiant point is due to the fact that the meteoroids which 
strike tlie ^rth during a shower are all moving in the same direc- 
tion. Their motions will all be parallel; hence when the bodies 
strike our atmosphere the paths described by them in their passage 
will all be parallel straight lines. A straight line seen by an ob- 
se^er at any point is projected as a great circle of the celestial 
sphere, of which the observer supposes himself to be the centre. If 
we dmw a line from the observer parallel to the paths of the meteors, 
the direcdon of that line will represent a point of the sphere through 
w ush all the paths will seem to pass; this will, therefore, be the 
rad^Dt pomt m a meteoric shower. 

Ozklts lUteoaio powers. — ^From what has just been said it will 
It. radiant point indicates the direction 

1 meteoroids move relatively to the earth. If we also 
w ith which they arc really moving in space, we 
motion of the earth, and thus deter- 
If we know this, 

m direction and velocity of the 

^ving this direction and velocity, the 
« tee nwm aroond the apt admits of being calculated. 


Jtpaa aaid Comets. — ^The velocity of the 
Sm not admit of being determined from obser- 
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revolution around tlie sun. Since the showers occur at 
intervals of about a third of a century, it is highly proba- 
ble this is the periodic time of the swarm around th esun. 
The periodic time being known, the velocity at any dis- 
tance from the sun admits of calculation from the theory 
of gravitation. Thus we have all the data for determining 
the real orbits of the group of meteors around the sun. 

The calculations necessary for this purpose were made 
by Le Veeribb and other astronomers shortly after the 
great shower of 1866. The following was the orbit as 
given by Le Verribr: 


Period of revolution 83.25 years. 

Eccentricity of orbit 0.9044. 

Least distance from the sun 0.9890. 

Inclination of orbit 165® 19'. 

Longitude of the node 51® 18'. 

Position of the perihelion (near the node). 


The publication of this orbit brought to the attention of 
the world an extraordinary coincidence which had never 
before been suspected. In December, 1865, a faint tele- 
scopic comet was discovered. Its orbit was calculated as 
follows: 


Period of revolution 38.18 years. 

Eccentricity of orbit 0 9054. 

li^t distance from the sun 0.9765. 

Inclination of orbit 162® 42'. 

Longitude of the node 61® 26'. 

Lon^tude of the perihelion 42® 24'. 


The publication of the cometary orbit and that of the 
orhit of the meteoric group were made independently with- 
in a few days of each other by two astronomers, neither of 
whom had any knowledge of the work of the other. Com- 
Daring them, the result is evident. Th^ swarms of meteor- 
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Oids which cause the Mvmiher showers move in the same 

orUt with this comet. ^ 

The comet passed its perihelion in January, 1866. llie 
most striking meteoric shower commenced in the following 
Noyember, and was repeated during several years. It 
seems, therefore, that the meteoroids which produce these 
showers follow after Tempel’s comet, moving m the same 
orbit with it. This shows a curious relation between 
comets and meteors, of which we shall speak more fully in 
the next chapter. When this fact was brought out the 
question naturally arose whether the same thing might not 
be true of other meteoric showers. 

Other Showers of Meteor8.-Although the November 
showers (which occur about November 14) are the only 
ones so brilliant as to strike the ordinary eye, it has long 
been known that there are other nights of the year (nota- 
bly August 10) in which more shooting-stai-s than usual 
are seen, and in which the large majority mdiatc from one 
point of the heavens. This shows conclusively that they 
arise from swarms of meteoroids moving together around 

the sun. 

mv Eiirlit— If we observe the western sky during the 

^ about the end of the evening twilight, we 

Milky Way, rising 

shall see a strw fe directed along the ecliptic toward a 

obliquely This is callecl the zoduical UgM. 

point soutli-west f before daylight in the niornlng during 

the autumn it 

ing round the s^iu. 
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COMETS. 

Aspect op Comets. 

Comets are distinguished from the planets both by their 
aspects and their motions. They come into yiew without 
anything to herald their approach, continue in sight for a 
few weeks or months, and then gradually vanish in the 
distance. They are commonly considered as composed of 
three parts: the nucleus^ the coma (or hair), and the tail. 

The nucleus of a comet is, to the naked eye, a point of 
light resembling a star or planet. Viewed in a telescope, 
it generally has a small disk, but shades off so gradually 
that it is diflBlcult to estimate its magnitude. In large 
comets it is sometimes several hundred miles in diameter. 

The nucleus is always surrounded by a mass of foggy 
light, which is called the coma. To the naked eye the 
nucleus and coma together look hke a star seen through a 
mass of thin fog, which surrounds it with a sort of halo. 
The nucleus and coma together are generally called the 
head of the comet. 

The tail of the comet is simply a continuation of the 
coma extending out to a great distance, and always di- 
rected away from the sun. It has the appearance of a 
stream, of milky light, which grows fainter and broader 
as it recedes from the head. Like the coma it shades off 
so gradually that it is impossible to fix any boundaries to 
it The length of tho tail varies 2° pr 3° to 90° Pr 
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more. Generally the more brilliant the head of the comet, 
the longer and brighter is the tail. 

The aboYe description applies to comets which can be 
plainly seen by the naked eye. Half a dozen telescopic 
comets may be discoyered in a single year, while one of the 
brighter class may not be seen for ten years or more. 

When comets are studied with a telescope, it is found 
that they are subject to extraordinary changes of structure. 



Fia TO.-— Tblesoopio Ooksot withotjt Fio. 80. — ^Tblesoopio Comet with 

4. NtTOLBUS. ^ Nucleus. 

To understand these changes, we must begin by saying that 
comets do not, like the planets, revolve aronnd the sun in 
nearly circular orbits, but always in orbits so elongated 
that the comet is visible in only a very small part of its 
course. See page >i78. Fig. 82.) 


The Vaiokotjs Ettvelopes. 

If a comot is very small, it may untlorgo no changes of aspect 
during its entire course. If it is an unusually bright one. a how 
sSomdlng the nucleus on the side toward the sun wiU develop 
aa the comet approaches tho sun. This how will ^adua yep 
fnd spi^out^on all sides, finally assuming form of a sem- 
clrole liaving the nucleus in its centre, or, to speak with more pre- 
fi£n S fom of a parabola having the nucleus near ite focus. 
tL two ends of this parabola will extend out f»^her 
S^as to fotm a part of the taU, and finally he lost m it. Other bows 
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will successively form around the nucleus, all slowly rising from it 
like clouds of vapor. These distinct vaporous masses are called the 
envelopes : they shade off gradually into the coma so as to be with 
difficulty distinguished from it, and indeed may be considered as part 
of it. These appearances are apparently caused by masses of vapor 
streaming up from that side of the nucleus nearest the sun, and grad- 
ually spreading around the comet on each side. The form of a bow 
is not the real form of the envelopes, hut only the apparent one in 
which we see them projected against the background of the sky. 
Perhaps their forms can be best imagined by supposing the sun to 
be directly above the comet, and a fountain, throwing a liquid hori- 
zontally on all sides, to be built upon that part of the comet which 
is uppermost. Such a fountain would throw its water in the form 
of a sheet, falling on all sides of the cometic nucleus, but not touch- 
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ing it. Two or three vapor surfaces of this kind are sometimes seen 
around the comet, the outer one enclosing " each of the inner ones, 
but no two touching each other. 

The Physical Cohstittjtioh op CoMEia 

To tell exactly what a comet is, we should be able to show how all 
the phenomena it presents would follow from the properties of mat- 
ter, as we learn them at tlie surface of the earth. This, however, no 
one has been able to do, many of the phenomena being such as we 
should not expect from the known constitution of matter. All we 
can do, therefore, is to present the principal characteristics of comets, 
as shown by ol^rvation, and to explain what is wanting to reconcile 
charaotenstfes with the known properties of matter. 

first place, all comets which have been examined with the 
spectroscope show a spectrum composed, in part at least, of bright 
fines or bands. The positions and characters of these bands leave no 
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doubt that ca/rbon, hydrogen, and niWogen, and probably oxygen are 
present in the cometary matter. More than twenty comets have been 
cxji mined since the invention of the spectroscope and all agree in 
giving the same evidence. In some recent comets sodium has also 
been discovered. 

In the last chapter it was shown that swarms of minute particles 
called meteoroids follow certain comets in their orbits. This is no 
doubt true of all comets. We can only regard these meteoroids as 
fragments or debris of the comet. On this theory a telescopic comet 
which has no nucleus is simply a cloud of these minute bodies. The 
nucleus of the brighter comets may either be a more condensed mass 
of such bodies or it may be a solid or liquid body itself. 

^ If the reader has any difficulty in reconciling this theory of de- 
tached particles with the view already presented, that the envelopes 
from which the tail of the comet is formed consist of layers of vapor, 
he must remember that vaporous masses, such as clouds, fog, and 
smoke, are really composed of minute separate particles of water or 
carbon. 

formation of the Comet’s Tail.— The tail of the comet is not a per- 
manent appendage, but is composed of the masses of vapor which 
we have already described as aaceuding from the nucleus, and after- 
ward moving away from the sun. The tail which we see on one 
evening is not absolutely the same we saw the evening before, a por- 
tion of the latter having been dissipated, while new matter has taken 
its place, as with the stream of smoke from a steamship. The 
motion of the vaporous matter which forms the tail being always 
away from the sun, there seems to be a repulsive force exerted by 
the sun upon it. The form of the comet’s tail, on the supposition 
that it is composed of matter driven away from the sun with a uni- 
formly accelerated velocity, has been several times investigated, and 
found to represent the observed form of the tail so nearly as to 
leave little doubt of its correctness. We may, therefore, regard it as 
an observed fact that the vapor which rises from the nucleus of the 
comet Is repelled by the sun instead of being attracted toward it, as 
larger masses of matter arc. 

No adequate explanation of this repulsive force has ever been 
given. 

KoTiOKs OF Comets. 

Previous to the time of Nkwtok, no certain knowledge respecting 
the actual motions of comets in the heavens had been acquired, ex- 
cept that they did not move around the sun in ellipses like the planets. 
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Wlieii Newton iavestigated the mathematical results of the theory 
of gravitation, he found that a body moving under the attraction of 
the sun might describe either of the three conic sections, the ellipse, 
parabola, or hyperbola. Bodies moving in an ellipse, as the planets, 
■would complete their orbits at regular intervals of time, according 
to laws already laid down. But if the body moved in a parabola or 
an hyperbola, it would never return to the sun after once passing it, 
but would move off to infinity. It was, therefore, very natural to 
conclude that comets might be bodies which resemble the planets^ in 
moving under the sun's attraction, but which, instead of describing 
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an ellipse in regular periods, like the planets, move in parabolic or 
hyperbolic orbits, and therefore only approach the sun a single time 
doring their whole existence. 

This iheory is now known to be essentially true for most of the 
observed comets. A. few are indeed found to be revolving around 
the son in ehipUc orbits, which differ from those of the planets only 
in being much more eccentric. But the greater number which have 
been observed have receded from the sun in orbits which we are un- 
aWe to dktingai^ from parabolas, though it is possible they may he 
elongated ellipses. Comets are therefore divided with re* 
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anT(2) p^abolic con^ts. apparently moving in parabolas. 
“Tbe tot disoovmy oHbe p JoW 

lbt in connections^ ^ comet moving in nearly the 

of past \ 1682 had been seen in 1607, and stili ano^er 

m led to the conclusion the^^^^^ 

comets were r^y one “d SSrST'^edfeted Ibat it 

'Cld appear again about the year 1768. The comet was first seen 



on Christmas-day. 1758. and preset it is 

T Lin periodic comets 

to predict the place iti^ns of the planets. _ 


greatest dUtance from th^ journey. The 

about the year 1873, and iben . . ^as then far be- 

figure shows the position of *^e c j^g distance and 

yM'" 'SS°'«nS£g «rcul.i<l Kitu » mi* * 
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BEUABEASXE Couets. 

It is familiarly known that bright comets were in former 
years objects of great terror, being supposed to presage 
the fall of empires, the death of monarohs, the approach 
of earthquakes, wars, pestilence, and every other calamity 
which could afflict mankind. In showing the entire 
groundlessness of such fears, science has rendered one of 
its greatest benefits to mankind. 

In 1456 the comet known as Hallet’s, appearing 
when the Turks were making war on Christendom, caused 
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such tenor that Pope Oalixttjs ordered prayers to be 
offered in the churches for protection against it. This 
is supposed to be the origin of the popular myth that the 
Pope once issued a bull against the comet. 

The number of comets visible to the naked eye, so far as 
recorded, has generally ranged from twenty to forty in a 
century. Only a small portion of these, however, have 
been so bright as to excite universal notice. 

Comet of 1680. One of the most remarkable of these 
bnlhant comets is that of 1680. It inspired such terror 
that a m^al, of which we present a figure, was struck 
upon the Continent of Europe to quiet apprehension. A 
free translation of the inscription is ; “The star threatens 
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evil tilings ; trust only ! God will turn them to good.” * 
What TnalfftH this comet especially remarkable in history 
is that MTb'wton’ calculated its orbit, and showed that it 
moved around the sun in a conic section, in obedience to 
the law of gravitation. 

Great Comet of 1811,— It has a period of over 3000 
years, and its aphelion distance is about 40,000,000,000 
miles. 

Great Comet of 1843.— One of the most brilliant comets 
which have appeared during the present century was that 
of February, 1843. It was visible in full daylight close to 
the sun. Considerable terror was caused in some quar- 
ters lest it might presage the end of the world, which had 
been predicted for that year by Millee. At perihelion it 
passed nearer the sun than any other body has ever been 
known to pass, the least distance being only about one 
fifth of the sun’s semidiameter. "With a very slight 
change of its original motion, it would have actually fallen 
into the sun. 

Great Comet of 1858.— Another comet remarkable for 
the length of time it remained visible was that of 1858. 
It is frequently called after the name of Douati, its first 
discoverer. TSo comet visiting our neighborhood in recent 
times has afforded so favorable an opportunity for stady- 
ing its physical constitution. Its greatest brilliancy 
occurred about the beginning of October, when its tail was 
40° in length and 10° in breadth at its outer end. Itsperiod 


is 1960 years. 


• The student should notice the care which the autlior of the in- 
scription has taken to make it consolatory, to .make it rhynac, and 
to ^ve implicitly the year of the comet by wntmg certain Roman 
numerals larger than the other letters. 
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Great Comet of 1882.-11 is yot too sooo to spoak of the 
results of the observationn on this inn^^nillcent obj<‘(‘t. Its 
splendor will not soon be forgotten by thowo who lmv<* 
seen it. 

Enclce’s Comet and tlie Eesisting Medium. Of 
that which has been most investi^altnl by astronomers is Known as 
Enck I ll’s comet Its porioil is between tlins* and four \oiirs, Virwo<l 
with a telescope, it is not difT<*reiit in any rospetd from oHmt tele 
Bcopic comets, appearing simply as a mass of fnggy light, sonM'what 
brighter near one. siihi. Under tlie most favorable <’in*umHtanees, it 
is just vibihle to the naked eye. The einminstanee wlu<’h lias lent 
most interest to this comet is that the <d>servuiionH whieh linve i»een 
made upon it seem to indicate that it is gra<innlly upprouehing Urn 
sun. Enckr atirlhutcd this ehange in its orbit to tin* exMeiicc in 
space of a resisting medium, so rare m to lmv<^ no uppret‘ial»le etTcot 
upon the motion of the planets, and to be felt only by of ejt* 

treme tenuity, like the telescopic comets. 1'ln* approach of the 
comet to the sun is shown, not by dlwct observuiimi, tint (udy by a 
gradual diminution of tlie period of rev»»bdi<vn. It will la* many 
centuries before thh perhsl would Iw ho far dlminiHbcii ilint tin* 
comet would a<’lually toueh Uic sun. 

If the change in Uie periiHl of tlds comet were actually due to ibii 
cause which Enokk supposed, tlmn other faint comets of tlic satue 
kind ought to lie subjeet to a similar iidluence. Ibit the inveMlga 
tions which have been made in recent times mi these isnlies show no 
deviation of the kind, It might, therefore, l»e <*miebuled that the 
change in the period of Knckk’h «*otnet must Is* ilue to some oilier 
cause. There is, however, one clrcuiiistnnce which leaves u« in 
doubt. Enckk's comet passes nearer tiie sun titan any <tiher comet 
of short period which lias been oljscrved with sufllcli’Ut rare to ile- 
cide the question. It may, thontfore, Iw stippose<l that the tesUilng 
medium, whatever It may Iw, is tienwmt near the sun, and not 
extend out far enough for tiie other comets to merd It, The t|uesiittii 
is one very difficult to settle. The fact Is ilmt nil crmiris eshibli 
slight anomalies in their motions which prevent un from deducing 
oonoltislonB from them with the Mami! certainty ihti wc shmihl from 
^oseof tiie planets. One of the chief dldlctihlcs In inveatlgailng 
the orhits of oometa witlt all rigor Is due to the dlfilculty of obtalolnf 
accurate positions of the oenire of so ill defined an object as the 
nucleus. 




PART m. 

THE UNIVERSE AT LARGE. 


INTRODUOTION. 

In our studies of the heavenly bodies, we have hitherto 
been occupied almost entirely with those of the solar sys- 
tem. Although this system comprises the bodies which 
are most important to us, yet they form only an insignifi- 
cant part of creation. Besides the earth on which we 
dwell, only seven of the bodies of the solar system are 
plainly visible to the naked eye, whereas some 2000 stars 
or more can bo seen on any clear night. 

The material universe, as revealed by the telescope, con- 
sists principally of shining bodies, many millions in num- 
ber, a few of the nearest and brightest of which are visible 
to the naked eye as stars. They extend out as far us the 
most powerful telescope can penetrate, and no one knows 
how much farther. Our sun is simply one of these stars, 
and does not, so far as wo know, differ from its fellows in any 
essential characteristic. !From the most careful estimates, 
it is rather less bright than the average of the nearer stars, 
and overpowers them by its brilliancy only because it is so 
much nearer to us. 

The distance of the stars from each other, and therefore 
from the sun, is immensely greater than imy of the dis- 
tances which we have hitherto had to consider in the solar 
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svstem. In fact, the nearest known star is about seven 
thousand times as far as the planet Neptune. If we sup- 
pose the orbit of this planet to be represented by a child’s 
hoop, the nearest star would bo three or four miles away. 
We have no reason to suppose that contiguous stars are, on 
the average, nearer than this, except in special cases where 
they are collected together in clusters. 

The total number of the stars is estimated by millions, and 
they are probably separated by these wide intervals. It 
follows that, in going from the sun to the nearest star, we 
would be simply taking one step in the universe. The 
most distant stars visible in great telescopes are probably 
several thousand times more distant than the nearest one, 
and we do not know what may lie beyond. 

The point we wish principally to impress on the reader 
in this connection is that, although the stai’s and planets pre- 
sent to the naked eye so great a similarity in appearance, 
there is the greatest possible diversity in their distances 
and characters. The planets, though many millions of 
miles away, are comparatively near ns, and form a little 
family by themselves, which is called the solar system. 
The fixed stars are at distances incomparably greater — the 
nearest star being thousands of times more distant than 
the farthest planet. The planets are, so far as we can see, 
worlds somewhat like this on which we live, while the stars 
are suns, generally larger and brighter than our own. 
Each star may, for aught we know, have planets revolving 
around it, but their distance is so immense that the largest 
planets will remain invisible with the most powerful tele- 
scopes man can ever hope to construct. 

The classification of the heavenly bodies thus leads us to 
tlus curious conclusion. Our sun is one of .the family of 
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stars, tlie other members of whicli stud the heavens at 
night, or, in other words, the stars are suns like that which 
makes the day. The planets, though they look like stars, 

are not such, but bodies more like the earth. _ 

The great universe of stars, including the creation in its 
largest extent, is called the stellar system, or stellar 
universe. We have first to consider how it looks to the 

naked eye. 



CHAPTER L 


CONSTELLATIONS. 

Oeneeal Aspect op the HEAVENa 

When we view the heavens with the unassisted eye, the 
stars appear to be scattered nearly at random over the 
surface of the celestial vault. The only deviation from an 
entirely random distribution which can be noticed is a cer- 
tain grouping of the brighter ones into constellations. 
A few stars are comparatively much brighter than the rest, 
and there is every gradation of brilliancy, from that of 
the brightest to those which are barely visible. We also 
notice at a glance that the fainter stars outnumber the 
bright ones; so that if we divide the stars into classes ac- 
cording to their brilliancy, the fainter classes will contain 
the most stars. 

The total number one can see will depend very largely 
upon the clearness of the atmosphere and the keenness of 
the eye. There are in the whole celestial sphere about 
6000 stars visible to an ordinarily good eye. Of these, 
however, we can never see more than a fraction at any 
one time, because one half of the sphere is always below the 
horizon. If we could see a star in the horizon as easily as 
in the zenith, one half of the whole number, or 3000, would 
be visible on any clear night. But stars near the horizon 
are seen through so great a thickness of atmosphere as 
greatly to obscure their light; consequently only the 
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brightest ones can there be seen. As a result of this ob- 
scuration, it is not likely that more than 3000 stars can 
ever be taken in at a single view by any ordinary eye. 
About 8000 other stars are so near the south pole 
that they never rise in our latitudes. Hence out of the 
6000 supposed to be visible, only 4000 ever come within 
the range of our vision, unless we make a journey toward 
the equator. 

The Qalaxy. — Another feature of the heavens, which is 
less striking than the stars, but has been noticed from 
the earliest times, is the Galaxy, or Milky Way. This 
object consists of a magnificent stream or belt of white 
milky light 10° or 15° in breadth, extending obliquely 
around the celestial sphere. During the spring months it 
nearly coincides with our horizon in the early evening, 
but it can readily be seen at all other times of the year 
spanning the heavens like an arch. It is for a portion of 
its length split longitudinally into two parts, which remain 
separate through many degrees, and are finally united 
again. The student will obtain a better idea of it by 
actual examination than from any description. lie will 
see that its irregularities of form and lustre are such that 
in some places it looks like a mass of brilliant clouds. 

Lucid and Telescopic Stars. — ^When we view the heavens 
with a telescope, we find that therp are innumerable stars 
too small to be scon by the naked eye. We may there- 
fore divide the stars, with respect to brightness, into two 
great classes. 

Lucid Stars are those which are visible without a tele- 
scope. 

Telescopic Stars are those which are not so visible. 

When Qalilbo first directed his telescope to the heav- 
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ens, about the year 1610, he perceived that the Milky 
Way was composed of stars too faint to be individually 
seen by the unaided eye. We thus have the interesting 
fact that although telescopic stars cannot be seen one by 
one, yet in the region of the Milky Way they are so numer- 
ous that they shine in masses like brilliant clouds. Huy- 
G-HENS in 1656 resolved a large portion of the Galaxy into 
stars, and concluded that it was composed entirely of them. 
Kepler considered it to be a vast ring of stars surround 
ing the solar system, and remarked that the sun must be 
situated near the centre of the ring. This view agrees 
very well with the one now received, only that the stars 
which form the Milky Way, instead of lying around the 
solar system, are at a distance so vast as to elude all oxxr 
powers of calculation. 

Such are in brief the more salient phenomena which 
are presented to an observer of the starry heavens. We 
shall now consider how these phenomena have been clas- 
sified by an arrangement of the stars according to their 
brilliancy and their situation. 

ICagnitudes or the Stabs. 

In ancient times the stam were arbitrarily classified into six 
orders of magnitude. The fourteen brightest visible in our lati- 
tude were designated as of the first magnitude, while those which 
were barely visible to the naked eye were said to be of the sixth 
magnitude. This classification, it will be noticed, is entirely arbi- 
trs^, since there are no two stars which are absolutely of the same 
brightness; that is, if all the stars were arranged in the order of 
their actual brilliancy, we should find a regular gradation from the 
brightest to^ the faintest, no two being precisely the same. There- 
fore the brightest star of any one magnitude is about of the same 
hnlHancy with the faintest one of the next higher magnitude. Be- 
tween the north pole and SS** south declination there are; 
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14 stars of the first magnitude. 


48 “ 

It 

second “ 

152 “ 

It 

third “ 

813 “ 

It 

fourth “ 

854 “ 

ti 

fifth 

3974 “ 

tt 

sixth “ 

5365 of the first six magnitudes. 


Of these, however, nearly 2000 of the sixth magnitude are so faint 
that they can be seen only by an eye of extraordinary keenness. A 
star of the second magnitude is four tenths as bright as one of the 
first; one of the third is four tenths as bright as one of the second, 

and so on. 


The Constellations and Names oe the Stabs. 

The earliest astronomers divided the stars into groups, 
called constellations, and gave special proper names both 
to these groups and to many of the more conspicuous 
stars. 

We have evidence that more than 8000 years before the commence- 
ment of the Christian chronology the star SiHus, the brightest in the 
heavens, was known to the Egyptians under the name of Sotliia, 
The seven stars of the Great Bear, so conspicuous in our northern 
sky, were known under that name to Homeb and Hksiod, as well as 
the group of the Pleiades, or Seven Stars, and the constellation of 
Orion. Indeed, it would seem that all the earlier civilized nations, 
Egyptians, Ohinesoj Greeks, and Hindoos, had some arbitrary divi- 
sion of the surface of the heavens into irregular and often fantastic 
shapes, which were distinguished by names. 

In early times the names of heroes and animals were given to the 
constellations, and these designations have come down to the present 
day. Each object was supposed to be painted on the surface of the 
heavens, and the stars were designated by their position upon some 
portion of the object. The ancient and mediaival astronomers would 
speak of the bright star in the loft foot of Orion,'' the eye, of the 
BuU," **the heart of the Lion," '‘the head of Perseus" etc. These, 
figures are still retained upon some star-charts, and are useful where 
it is desired to compare the older descriptions of the constellations 
with our modem maps. Otherwise they have ce^ed to serve any 
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purpose, and are not generally found on maps designed for purely 
astronomical uses. 

The Arabians, who used this clumsy way of designating stars, 
gave special names to a large number of the brighter ones. Some of 
these names are in common use at the present time, as AUcharan, 
Fomalliaut, etc. 

In 1654 Bayer, of Germany, mapped down the constellations 
upon charts, designating the brighter stars of each constellation by 
the letters of the Greek alphabet. When this alphabet vras exhaust- 
ed he introduced the letters of the Roman alphabet. In general, tlie 
brightest star was designated by the first letter of the alphabet, or, 
the next by the following letter, /?, etc. 

On this system, a star is designated by a certain Greek letter, fol- 
lowed by the genitive of the Latin name of the constellation to which 
it belongs. For example, a Cants Majorts, or, in English, a of the 
Great Dog, is the designation of Sintts, the brightest star in the 
heavens. The seven stars of the CH'eat Bern' are called cx Ursm Ma* 
joris, /? Ufsm Maooris, etc. Aretums is a Bodtis, The reader will 
here see a resemblance to our way of designating individuals by a 
Christian name followed by the family name. The Greek letters 
furnish the Christian names of the separate stars, while the name of 
the constellation is that of the family. As there are only fifty letters 
in the two alphabets used by Bayer, it will be seen that only the 
fifty brightest stars in each constellation could be designated by this 
method. 

When by the aid of the telescope many more stars than these were 
laid down, some other method of denoting them became necessary. 
Flamsteed, who observed before and after 1700, prepared an ex- 
tensive catalogue of stars, in which those of each constellation were 
designated by numbers in the order of right ascension. These num- 
bers were entirely independent of the designations of Bayer — that 
is, he did not omit the Bayer stars from his system of numbers, but 
numbered them as if they had no Greek letter. Hence those stars to 
which Bayer applied letters have two designations, the number and 
the letter. The fainter stars are designated either by their R.A. and 
d, or by their numbers in some catalogue of stars. 

STthcbeeing aud Gatalogthkg the Stabs. 

As telescopic power is increased, we still find stars of fainter and 
fainter light. But the number cannot go on increasing forever in 
the same ratio as with the brighter magnitudes, because, if it did, 
the whole sky would be a blaze of starlight. 
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If telescopes ■with powers far exceeding our present ones were 
made, they would no doubt show new stars of the 20th and 21st 
magnitudes. But it is highly probable that the number of such suc- 
cessive ordcsrs of stars would not increase in the same ratio as is ob- 
served in the 8tli, 9th, and 10th magnitudes, for example. The 
enormous labor of estimating the number of stars of such classes will 
long prevent the accumulation of statistics on this question ; but this 
much is cerbiin, that in special regions of the sky, which have been 
^archingly examined by various telescopes of successively increas- 
ing apertures, the number of new stars found is by no means in pro- 
portion to the increased instrumental power. If this is found to he 
true elsewhere, the conclusion may be that, after all, the stellar sys- 
tem can bo experiiuentally shown to be of finite extent, or to con- 
tain only a rinitc number of stars, rather. 

Wo have already stated that in the whole sky an eye of average 
power will sec about 6000 stars. With a telescope this number is 
greatly inenaised, and the moat powerful telescopes of modern times 
will probably .show more than 60,000,000 stars. As no trustworthy 
estimate has ever been made, tliere is great uncertainty upon this 
point, and the actual number may range anywhere between 
40,000,000 to 100,000.000. Of this number, notone out of twenty 
has ever been catalogued at all. 

Tlte sky has many more stars of the first seven magni- 

tudes than the northern, and the zones immediately north and south 
of the ectiialor, although greater in surface than any others of the 
same width in declination, are absolutely poorer in such stars. 

This will be much better understood by consulting the graphical 
representation on page 294. On this chart are laid down all the stars 
of the British Association Catalogue (a dot for each star), and beside 
thoflo the Milky Way is represented. The relative richness of the 
variotw zones <'an he at once seen. 

The (listribution and number of the brighter stars (1st to 7th magni- 
tude) (;an bo well understood from this chart. 

In AiwtMLANDT^iR’s Dnri^mmtm'ung of the stars of the northern 
heavouH tluTO are recorded as belonging to the northern hemisphere: 


10 stars between the t.O magnitude and the 1.9 magnitude. 
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In all 314,926 stars from the first to the 9.5 magnitudes are enu- 
merated in the northern sky, so that there are about 600,000 in the 

whole heavens. . , , , 

"We may readily compute the amount of light received by the earth 

on a dear but moonless night from those stars. Let us assume tlmt 
the brightness of an average star of the first magnitude is about 0.5 
of that of a Lym. A star of the 2d magnitude will shine with a 
light expressed by 0.5 X 0.4 = 0.20, and so on. (See p. 291.) 

The total brightness of 


10 

1st magnitude stars 

is 5.0 

37 

2d 
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Sum : 

= 142.8 


It thus appears that from the stars to the 8th magnitude, inclusive, 
we receive 143 times as much light as from a Lvr(Z, a Lym has 
been determined by ZOLLNBRtobe about 44,000,000,000 times fainter 
than the sun, so that the proportion of starlight to sunlight can be 
computed. It also appears that the stars of magnitudes too high to 
allow them to bo individually visible to the naked eye are yet so 
numerous as t<) affect the gcnei-al brightness of the sky more than 
the so-called lucid stars (1st to 6tli nuigmtude). 1 he sum of the last 
two numbers of the table is gi’eater than the sum of all the oiheis. 

Note.— At the end ot this book two Star Maps (with 
explanatioiiH) are given, by raeaus of which the constella- 
tions and principal stars can. he identilied. llie lai’ger 
map is copied from BuiTii]sr»’ oxcollent “Atlas (Icr Astron- 
omic” (Brookuauh, Leipzig, 1872). 
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VARIABLE AND TEMPORARY STARS. 

Stabs REaiiLABLY Variable. 

All stars do not shine with a constant light. Since the 
middle of the seventeenth century, stars variable in bril- 
liancy have been known. The period of a variable star 
means the interval of time in which it goes through all its 
changes, and returns to its original brilliancy. 

The most noted variable stars are Mira Ceti (o Geti) and 
Algol {/S Persei). Mira appears about twelve times in 
eleven years, and remains at its greatest brightness (some- 
times as high as the 2d magnitude, sometimes not above 
the 4th) for some time, then gradually decreases for about 
74 days, until it becomes invisible to the naked eye, and so 
remains for about five or six months. Prom the time of 
its reappearance as a lucid star till the time of its maximum 
is about 43 days. The mean period, or the interval from 
minimum to minimum, is about 333 days, but this period 
varies greatly. The brilliancy of the star at the maxima 
also varies, 

Algol has been known as a variable star since 1667. 
This star is commonly of the 2d magnitude; after remain- 
ing so about 2i days, it falls to 4^°^ in the short time of 
4^ hours, and remains of 4“ for 20 noinutes. It then com- 
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monces to increase in brilliancy, and in another 3^ hours it 
is again of the 2d magnitude, at -which point it remains for 
the i-est of its period, about 2*1 12*'. 

These two examples of the class of variable stars give a 
rough idea of the extraordinary nature of the phenomena 
they pi’esent. A closer examination of others discloses 
minor variations of great complexity and apparently with- 
out law. 

About 90 variable stars are well known, and as many 
more are suspected to vary. In nearly all cases the mean 
period can be fairly well determined, though anomalies of 
various kinds frequently appear. The principal anomalies 
are: 

Mrst. The period is seldom constant. For some stars 
the changes of the period seem to follow a regular law; for 
others no law can be fixed. 

Second, The time from a minimum to the next maxi- 
mum is usually shorter than from this maximum to the 
next minimum. 

Third. Some stars (as /3 Lyra) have not only one maxi- 
mum between two consecutive principal minima, but two 
such maxima. For Lyra, according to Aegela.ndbe, 
3 <i 21* after the principal minimum comes the first maxi- 
mum; then, 3" 7*^ after this, a secondary minimum in which 
the star* is by no means so faint as in the principal mini- 
mum, and finally S'* 3** afterward comes the principal maxi- 
mum, the whole period being 12« 21*^ 47“. 

The course of one period is illustrated in the following table, 
supposing tl>o period to begin at 0* 0\ Opposite each phase is 
given the intensity of light in terms of y Lyra = 1. 
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The periods of 94 well-determined variable stars being tabulated, 
it appears that they are as follows: 


Period between 

No. of Stars. 

Period between 

No. of Stara 

Id. 

and 20 d. 

13 

360 d. 

and 400 d. 

13 

20 

50 

1 

400 

450 
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50 

100 
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460 

500 

3 

100 
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4 

600 

550 
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150 

200 
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650 

600 

0 

200 

260 

9 

600 

650 

1 

250 

300 

14 

650 

700 

0 

800 

350 

18 

700 

750 

1 






S = 94 


It is natural that there should be few known variables of periods 
of 500 days and over, but it is not a little remarkable that the periods 
of over half of these variables should fall between 260 and 450 days. 

The color of over 80 per cent of the variable stars is red or orange. 
Bed stars (of which 600 to 700 are known) are now receiving close 
attention, as there is a strong likelihood of finding among them many 
new variables. 

The spectra of variable stars show changes which appear to be 
connect^ with the variations in their light. 

Temporaey Ok New Stabs. 

There are a few cases known of apparently new stars which have 
suddenly appeared, attained more or less brightness, and slowly de- 
creased in magnitude, either disappearing totally, or finally remain- 
ing as comparatively faint objects. 

The most famous one was that of 1672, which attained abrightness 
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greater than that of Sirius or Jupiter and approached to Venus, being 
even visible to the eye in daylight. Tycho Brahe first observed this 
star in November, 1572, and watched its gradual increase in light 
until its maximum in December. It then began to diminish in bright- 
ness, and in January, 1573, it was fainter than Jupiter. In February 
it was of the 1st magnitude, in April of the 2d, in July of the 3d, and 
in October of the 4th. It continued to diminish until March, 1574, 
when it became invisible, as the telescope was not then in use. Its 
color, at first intense white, decreased through yellow and red. 
When it arrived at the 5th magnitude its color again became white, 
and so remained till its disappearance. Tycho measured its distance 
carefully from nine stars near it, and near its place there is now a star 
of the 10th or lltli magnitude, which is possibly the same star. 

The history of temporary stars is in general similar to that of the 
star of 1572, except that none have attained so great a degree of bril- 
liancy. More than a score of such objects are known to have^ ap- 
peared, many of them before the making of accurate observations, 
and the conclusion is probable that many have appeared without 
recognition. Among telescopic stars there is but a small chance of 
detecting a new or temporary star. 

Several supposed cases of the disappearance of stars exist, but here 
there arc so many possible sources of error that great caution is neces- 
sary in admitting them. ^ m 

Two temporary stars have appeared since the invention of the spec- 
troscope (1859), and the conclusions drawn from a study of their spec- 
tra are most important as throwing light upon the phenomena of 
variable stars in general. . 

The general theory of variable stars which has now the most evi- 
dence in its favor is this: These bodies arc, from some general cause 
not fully understood, subject to eruptions of glowing hydrogen gas 
from their interior, and to the formation of dark spots on their sur- 
faces. These eruptions and formatioim have in most cases a greater 

or less tendency to a regular period. . , . 

In the case of our sun (which is a variable star) the period is U 
years, but in the case of many of the stars it is mu(*li shorter. Ordi- 
narily, as in the case of the sun and of a large majority of the stars, 
the variations are too slight to affect the total quantity of light to any 
visible extent. But in the case of the variable stars this spot-producing 
power and the liability to eruptions arc very much greater, and thus 
we have changes of light which can be readily perceived by the eye. 
Some additional strength is given to this theory by the fact Just men- 
tioned, that so large a proportion of the variable stars are rod. It is well 
known that glowing bodies omit a larger proportion of red rays and 
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a smaller proportion of blue ones the cooler they become. ^ It is there- 
fore probable that the red stars have the least heat. This being the 
case, it is more easy to produce spots on their surface; and if lucir 
outfflde surface is so cool as to become solid, the glowing by rogen 
from the interior when it did burst through would do so with more 
power than if the surrounding shell were liquid or gaseous. 

There is, however, at least one star of which the variations may e 
due to an entirely different cause ; namely, Algol. The extreme regm 
larity with which the light of this object fades away and disappeare 
suggests the possibility that a dark body may be revolving around i , 
and partially eclipsing it at every revolution. The law 
of its light is so different from that of the light of other variable stars 
as to suggest a different cause. Most others are near their maximum 
for only a small part of their period, while Algol is at its 
for nine tenths of it. Others are subject to nearly continuous ^ang . 
while the light of Algol remains constant during nine tenths ot ns 
period. 
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MULTIPLE STARS. 

fiTTAHAfiTmu. or Double and Multiple Starb 

■When we examino the heavens with telescopes, we find 
many cases in which two or more stars are extremely close 
together, so as to form a pair, a triplet, or a group. It is 
evident that there are two ways to account for this appear- 
ance. 

1. We may suppose that the stars happen to lie nearly 
in the same straight line from us, hut have no connection 
with each other. It is evident that in this case a pair of 
stars might appear double, although the one was hundreds 
or thousands of times farther off than tho other. It is, 
moreover, impossible, from mere inspection, to determine 
which is tho farther off. 

3. We may suppose that the stars are really near together, 
as they appear, and are to bo considered as forming a con- 
nected pair or group. 

A couple of stars in tho first case is said to bo optically 
double. 

Stars which are really physically connected are said to be 
physically double. 

If the lucid stars are equally distrihuted over the celestial sphere, 
the are 80 to 1 against any two being within three minutes 

of each other, and the chances arc 500,000 to 1 against the six visible 
stars of the PMada being accidentally associated as wo see tliem. 
■When the millions of telescopic stars are considered, there is a greater 
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probability of sucb accidental juxtaposition. But tbe probability of 
many sucb cases occurring is so extremely small that astronomers 
regard all tbe closest pairs as physically connected. Of the 600,000 
stars of the fii-st ten magnitudes, about 10,000, or one out of every 
60, has a companion within a distance of 30" of arc. This proportion 
is many times greater than could possi- 
bly be tbe result of chance distribution. 

There are several cases of stars which 
appear double to the naked eye. £ Lyres 
is such a star and is an interesting ob- 
ject, from the fact that each of the two 
stars which compose it is itself double. 
This minute pair of points, capable of 
being distinguished as double only by 
the most perfect eye (without the tele- 
scope), is really composed of two pairs 
of stars wide apart, with » g’'°"P ^ 
c LvRiB. smaller stars between and aioiina 

them, The figure shows the appearance in a telescope of consider- 
able power. . , . .. 

BsTolutions of Donhle Stars— Binary Systems.— It is evident that if 
double stars are endowed with the property of mutual gravitation, 
they must be revolving around 
each other, as the earth and 
planets revolve around the sun, 
else they would be drawn to- 
gether as a single star. 

The method of determining 
the period of revolution of a 
binary star is illustrated by the 
figure, which is supposed to rep- 
resent the field of view of an in- 
verting telescope pointed toward 
the south. The arrow shows the 
direction of the apparent diur- 
nal motion. The telescope is 
supposed to be so pointed that 
the brighter star may l>e in the 
centre of the field. The num- 
hers around the surrounding 8:.-Po8mos^ATOLi: of a Doubuk 

circle then show the angle of 

position, supposing the smaller star to he in the direction of the 
number. 
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Fig. 87 is aa example of a pair of stars in which the position- 
angle is about 44®. 

If, by measures of this sort extending through a series of years, the 
distance or position-angle of a pair of stars is found to change 
odimUy, it shows that one star is revolving around the other. Such 
a pair is called a Unai^ star or binary system. The only distinction 
which we can make between binary systems and ordinary double 
stars is founded on the presence or absence of this observed motion. 
It is probable that nearly all the very close double stars are really 
binary systems, but that many hundreds of years are required to per- 
form a revolution in some instances, so that the motion has not yet 
been detected. 

The discovery of binary systems is one of great scientific interest, 
because from them we learn that the law of gravitation includes the 
stars as well as the solar system in its scope, and may thus be regarded 
as truly universal. 

When the parallax of a binary star is known, as well as the orbit, 
it is possible to compute the mass of the binary system in terms of 
the sun’s mass. It is an imporUmt fact that such binary systems as 
have been investigated do not differ greatly in mass from our sun. 



CHAPTER lY. 


NEBULA AND CLUSTERS. 

DiSCOVEEY OE NEBUiaJ. 

In the staar-catalogues of Ptolemy, HeyeliuSj, and tlie 
earlier writers, there was included a class of nebulous or 
cloudy stars, which were in reality star-clusters. They aj)- 
peared to the naked eye as masses of soft diffused light of 
greater or less extent. In this respect they were quite 
analogous to the Milky Way. In the telescope, the nebu- 
lous appearance of these spots Tanishes, and they are seen 
to consist of clusters of stars. 

As the telescope was improved, great numbers of such 
patches of light were found, some of which could bo re- 
solved into stars, while others could not. The latter were 
called nelulm and the former star~clusters. 

About 1656 Hutghens described the great nebula of 
Oniony one of the most remarkable and brilliant of these 
objects. During the last century Messier, of Paris, made 
a list of 103 northern nebulae, and Lacaille noted a few 
of those of the southern sky. Sir William Herscuel 
with his great telescopes first gave proof of the enormous 
number of these masses. In 1786 he published a catalogue 
of one thousand new nebnlse and clusters. This was fol- 
lowed in 1789 by a catalogue of a second thousand, and in 
180^ by a third catalogue of five hundred new objects of 
this class. Sir John Heesohel added about two thou- 
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sand more nobnlas. The general catalogue of nebtilse and 
clusters of stars of the latter astronomer, published in 
1864, contains 5079 nebulaj. Over two thirds of these 
were first discovered by the Heeschels. 


CI 1 ASKCETCA.TIOK OE NEBTJIiJE akd Cltistees. 


In studying aiese objects, tlie first question wo moot is this: Are 
all these bodies elusters of stars which look diituscd only liccause 
they are so distant that our telescopes cannot distinguisli tlioiii sepa- 
rately? or are some of them in reality what they seem to bo; namely, 
diffused masses of matter? 

In his early memoirs of 1784 and 1785, Sir Wim-IAM IlKUScnEL 
took tlie first view. Ho considered the Milky Way as nothing but a 
congeries of stare, and all iiebuhc naturally sce.ncd to hiiii to Iw but 
stellar clusters, so distant as to cause the individual stars to disap- 
pear in a general milkincss or nebulosity. 

In 1*T91, however, his views underwent a IIo had dis- 

covered a nsZiMiotts star (properly so callcti), ora star which was un- 
doubtedly similar to the surrounding stars, and which was encom- 
passed by a halo of nebulous light. 

He says: “Ncbulss can bo selected so that an inscn.siblo gradation 
shall take place from a coarse cluster like the PleituU» down to a 
milky nebulosity like that in (Mm, every intermedint:! step being 
represented. This tends to confirm the hypothesis that all are com- 
posed of stare more or loss remote. 

“ A comparison of the two Mtrewe* of the BPrie.s. as a coarse cluster 
and a nebulous star, Indieatos, however, that tU ixebulmity akmi iU 


ftaritnotofattarrynatvre. 

“Gonsidering a typical nebulous star, and supposing the nucleus 
and ohevelure to be connected, we may. first, stippose the wlttilo 
to be of stars, in which case cither the nttchtus is cnotmottsly 
larger than other stars of its stellar nmgttitudc, or the envelope is 
composed of stars Indefinitely small! or, second, wo inttst itilmil that 
the star ist'nwivad! in n nhining fluid of a naiuvt MnUy unknown to 


U9t 

“The shining fluid might exist independently of stars. The 
light of this fluid is no kind of reflection from the star In the 
centre. If this matter is self-luminous, it seems more fit to pro- 
duce a star by Its eoudensation than to depend on the star for lU 
existence. 
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“Both diffused nebulosities and planetary nebulse are better ac- 
counted lor by the hypothesis of a shining fluid than by supposing 
them to be distant stars.” 

This was the first exact statement of the idea tliat, beside stars 
and star-clusters, we have in the universe a totally distinct series of 
objects, probably much more simple in their constitution. Obsei-va- 
tions on the spectra of these bodies have entirely confirmed the con- 

elusions of Hbeschel, ^ 

Kebul» and clusters were divided by Herschbl into classes. He 



ria. 88.->€paLA.L Nsbuia. 


applied the name plmeia/ry to certain circular or elliptic 

nebulss which in his telescope presented disks like the^ planets, 
SpimL are those whose convolutions have a spiral shape. This 
(daiss is quite numerous.. 

Thedifterent kinds of uebulae and clusters will be better under- 
stood from thfe 6uts and descriptions which follow than by* formal 
de^nitlons. It most be rememl^red that there is an almost in Anile 
of 8Uoh shapes. 
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Stae-Clxtstees. 

The most notea of all the cluaters is the Pkiadrs, whleU may Ik* 
seen (luring the winter months to the north w(iHt of tint const (illation 
TmmiK Tlui uvorage miUcd (iy(i (tan <‘asily distniguish six stars 
within it, hut uml(‘r ravorjU>lo conditions ten, <*k!ven, t\v(‘lv(», or more 
stars cun ho cotinted. With th(i tch-scopo, over a InnnlnKl stars air 
seen. 

The clusters repr(‘sent(‘(l in Figs. 1)0 andOt an*, good t‘xampu*s <»r 
their classes. The llrst is globular and (ionluhm several thousand 
small stars. The second is a elnskT of about 52(K) stars. <d magui 
Uidcs varying from the ninth to tlic tliirteeuth and fourteenth, in 
which the brighter stars are scaU<*rod. 



Ekj. 00 —Gi-oBtTTAn CnusTBR. Ot -C’oMeuKMSKu (’aesTicR, 


Clusters are probably subject to central powers or form. This was 
seen by Sir ’WnjiiAM llBUSOimL in 1789, Ho says; 

*‘Kot only were round ntdmloo and clusters formed by ctudral 
powers, but likewise every cluster of stars or nclaila that hIiowh a 
gradual condensation or iperoasing brightness toward a <’<*ntre. 
This theory of central power is fully established on groundn of oh 
servation which cannot be overturned, 

‘‘Clusters can be found of 10' diameter with a certain (h^gret* of 
compression and stars of a certain magnitude, and smaller rhiHt*Ta 
of 4', 8', or2' in diameter, with smaller stars and greater com p****®*******^ 
pd so on through resolvable nchulfie b^ imperceptible nlepH. to the 
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smallest and faintest [and most distant] nebulae. Other clusters there 
are, which lead to the belief that either they are more compressed or 
are composed of larger stars. Spherical clusters are probably not 
more different in size among themselves than different individuals of 
plants of the same species. As it has been shown that the spherical 
figure of a cluster of stars is owing to central powers, it follows that 
those clusters which, ccetem panbus, are the most complete in this 
figure must have been the longest exposed to the action of these 
causes. 

'"The maturity of a sidereal system may thus he judged from the 
disposition of the component parts. 

** Though we cannot see any individual nebula pass through all 
its stages of life, we can select particular ones in each peculiar 
stage,” and thus obtain a single view of their entire course of de- 
velopment. 

Spectea or Hebxtue ake Clttstees, aot PrxEE Stabs. 

In 1864, five years after the invention of the spectroscope, the 
examination of the spectra of the nebuhu led to the discovery that 
while the spectra of stars were invariably continuous and crossed with 
dark lines similar to those of the solar spectrum, those of many nc- 
bulffi were dmontinuous, showing these bodies to be composed ot 
glowing gas. 

The spectrum of most clusters is continuous, indicating that the 
individual stars are truly stellar in their natuni. In a few cases, 
however, clusters arc composed of a mixture of nebulosity (usually 
near their centre) and of stars, and the spectruTu in sucli oases is 
compound in its nature, so as to indicate radiation both by gaseous 
and solid matter. 


Spectea of Fixed Stabs. 

Stellar spectra are found to ho, in the main, similar to the solar 
spectrum; composed of a continuous hand of the prismatic col- 
ors, across which dark lines or hands were laid, the latter being fixed 
in position. These results show the fixed stars to resemble our own 
sun in general constitution, and to bo composcid of an iiuiandoscent 
nucleus siirroundcd by a gaseous and absorptive atmosphere of 
lower temperature. Tliis atmosphere around many stars is different 
in constitution from that of the sun, ns is shown by the diffonmt posi- 
tion and intensity of the various hlaek liiu*s and hands which are due 
to the absorptive actiou of Xhe aUuosphcv(‘H of the 
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It is probable that the hotter a star is the more simple a spectrum 
it has; for the brightest, and therefore probably the hottest stais, 
such as Sirius, give spectra showing only very thick hydrogen lines 
and a few very thin metallic lines, while the cooler stars, such as 
our sun, are shown by their spectra to contain a much larger num- 
ber of metallic elements than stars of the type of Sirius, but no 
non-metallic elements (oxygen possibly excepted). The coolest 
stars give band-spectra characteristic of compounds of mclallic 
with non-metallic elements, and of the non metallic cleineiits uu- 
combined. 

Motion oi* Stans in the Line of Sight. 

Spectroscopic observations of stars not only give information in 
regard to their chemical and physical constitution, but have been 
applied so as to determine approximately tbo velocity iu kilometres 
per second with which the stars arc approaching to or receding fiom 
the earth along the line joining earth and star. The theory of such a 
determination is briefly as follows: 

In tbe solar spectrum wc find a group of dark lines, as h, c, 
which always maintain their relative position. From laboratory 
experiments, we can show that tbe three bright linos of inoaiulesc'cnt 
hydrogen (for example) have always the same relative position as 
the solar dark lines a, b, c. From this it is inferred that the solar 
dark lines are due to the presence of hydrogen iu its absorptive 
atmosphere. 

Now, suppose that in a stellar spectrum we find three dark linos 
of, b\ c\ whose relative position is exactly the same as that of the 
solar lines O', b, e. Not only is their relative position tbo same, but 
the characters of the lines themselves, so far as the fainter spectrum 
of tbo star will allow us to determine them, are also similar; that is, 
a' and a, b' and &, c' and c are alike as to thickness, blackness, nebu- 
losity of edges, etc. etc. From this it is inferred that the star really 
contains in its atmosphere the substance whose existence has been 
shown in tbe sun. 

If we contrive an apparatus by which the stellar sp(‘Ctrum is seen 
in the lower half, say, of the eye-picce of the spectroscope, while 
the spectrum of hydrogen is seen just ab(^ve it, we find in some 
cases this remarkable phenomenon. The three dark stellar lines, 
a', 5', instead of being exactly coincident with the three hydrogen 
lines a, b, c, arc seen to be all thrown to one side or the other by a 
like amount; that is, the whole group a!, V, while preserving its 
relative distances the same as those of the comparison group a, b c, 
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is shifted toward either the violet or red end of the spectrum by a 
small yet measurable amount. Repeated experiments by different 
instruments and observers show always a shifting in the same direc- 
tion and of like amount. The figure shows the shifting of the F 
line in the spectrum of Skim, compared with one fixed line of 
hydrogen. 

This displacement of the 
spectral lines is to be ac- 
counted for by a motion of 
the star toward or from the 
earth. It is shown in Phy- 
sics that if the source of 
the light which gives the 
spectrum a', V, d is mov- 
ing away from the earth, 
this group will be shifted 
toward the red end of the 
spectrum ; if toward the 
earth, then the whole group 
will be shifted toward the 
blue end. The amount of 
this shifting is a function of 
the velocity of recession or ik Spbotrum op StRius. 

approach, and this vcloc.ity 

in miles per second can be calculated from the measured displace- 
ment. This 1ms Ix^en done for many stars. The results agnse well, 
when the diMcult nature of the research is considered. The rates of 
motion vary from insensible amounts to 100 kilometres per second; 
and in some cases agree remarkably with thci velocities computed 
from the proper nvotions and probable parallaxes. 






rTTAVTKIi V. 


MOTIONS AND I>ISTAN<'KS OF TIIK HTAltK 

Peopee Motions, 

Wk have already BtaUd ihaU io the nnuided vision, tia* 
fixed HturH appear to i)iVHerve ih(^ auine relative ponilion in 
tlu^ioavenH tliroupjh many <'en(urieK, so that if tlu‘ un- 
(iicnl. astronomers <u)ul(l a<^ain see th(‘in, they eotdd hardly 
delect the slightest (diange in their arrangement, Hut 
accurate measurements have shown that there art* slow 
changes in the poHitions of the brighter Hiurs, (umsisling in 
a motion forward in a straight line and with nnifonn 
velocity. Those motions ai*e, for the most parf^ so ^h^w 
that it would require thousands of years for tlte ehangc* of 
position to be perceptible to the unaided eye. 'I'hey urn 
called propo* mof.ionH, since they are peemlinr to tlie stiir 
itself. 

In general, the ])roi)er motions even of the hrighh‘st 
stars arc only a fraction of a second in a year, at » ihut 
thousands of years would lie retjuirod for them to 
change thoir place in any striking degree, and humlreila 
of thousands to make a coiniiletc revolution around tho 
heavens, 

Peopee Motion op the 8m 

It is a priori evident that stars, in genoml, minit Imro 
proper motions, when once wo admit the universality of 
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gravitation. That any fixed star should be entirely at 
rest would require that the attractions on all sides of it 
should be exactly balanced. Any change in the position 
of this star would break up this balance, and thus, in gen- 
eral, it follows that stars must be in motion, since all of 
them cannot occupy such a critical position as has to be 
assumed. 

If but one fixed star is in motion, this affects all the 
rest, and we cannot doubt but that every star, our sun 
included, is in motion by amounts which vary from small 
to great. If the sun alone had a motion, and the other 
stars were at rest, the consequence of this would be that 
all the fixed stars would appear to be retreating en masse 
from that point in the sky toward which we were moving. 
Those nearest us would move more rapidly, those more 
distant loss so. And in the same way, the stars from 
which the solar system was receding would seem to be 
approaching each other. If the stars, instead of being 
quite at rest, as jnst supposed, had motions proper to 
themselves, then we should have a double complexity; 
They would still appear to an observer in the solar system 
to have motions. One part of these motions would be 
truly proper to the stars, and one part would bo duo to the 
advance of the sun itself in space. 

Observations can show us only the resultant of these 
two motions. It is for reasoning to separate this resultant 
into its two components. At first the question is to deter- 
mine whether the results of observation indicate any solar 
motion at all. It there is none, the proper motions of 
stars will bo directed along all possible lines. If the sun 
does truly move, then there will bo a general agreement in 
the resultant motions of the stars near the ends of the line 
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along which it moyes, while those at the sides, so to speak, 
will show comparatively less systematic effect. It is jis if 
one were riding in the rear of a railway train and watching 
the rails over which it has just passed. As we recede from 
any point, the rails at that point seem to come nearer and 
nearer together. 

If we were passing through a forest, we should see the 
trunks of the trees from which we were going apparently 
come nearer and nearer together, while those on the sides 
of ns would remain at their constant distance, and those in 
front would grow further and further apart. 

These phenomena, which occur in a case where we are 
sensible of our own motion, serve to show how wc may 
deduce a motion, otherwise unknown, from the ai)pear- 
ances which are presented by the stars in space. 

In this way, acting upon suggestions which liad been 
thrown out previously to his own time, Heesoixel demon- 
started that the sun, together with all its system, was mov- 
ing through space in an unknown and majestic orbit of its 
own. The centre round which this motion is directed 
cannot yet be assigned. We can only determine the point 
in the heavens toward which our course is directed — the 
apex of solar motion.” 

A number of astronomers have since investigated this 
motion with a view of determining the exact point in the 
heavens toward which the sun is moving. Their results 
differ slightly, but the points toward which the sun is 
moving all fall in the constellation Hercules* The amount 
of the motion is such that if the sun were viewed at right 
angles to the direction of motion from an average star 
of the first magnitude, it would appear to move about one 
third of a second per year. 
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Distances of the Pixeb Stabs, 

The ancient astronomers supposed all the fixed stars to 
be situated at a short distance outside of the orbit of the 
planet Saturn, then the outermost known planet. The 
idea was prevalent that Nature would not waste space by 
leaving a great region beyond Saturn entirely empty. 

When Copernicus announced the theory that the sun 
was at rest and the earth in motion around it, the problem 
of the distance of the stars acquired a new interest. It was 
evident that if the earth described an annual orbit, then 
the stars would appear in the course of a year to oscillate 
back and forth in corresponding orbits, unless they were 
so immensely distant that these oscillations were too small 
to bo seen. The apparent oscillation of Saturn pro- 
duced in this way was described in Part I. It amounts to 
some 6® on each side of the moan position. These oscilla- 
tions were, in fact, those which the ancients represented 
by the motion of the planet around a small epicycle. But 
no such oscillation had ever been detected in a fixed star. 
This fact seemed to present an almost insuperable difficulty 
in the reception of the Oopernican system. Very natural- 
ly, therefore, as the instruments of observation wore fj*om 
time to time improved, this apparent annual oscillation of 
the stars was ardently sought for. 

The problem is identical with that of the annual parallax 
of the fixed stars, which has boon already described. This 
parallax of a heavenly body is the angle which the mean 
distance of the earth from the sun subtends when seen 
from the body. The distance of the body from the sun is 
inversely as the parallax (nearly). Thus the mean distance 
of Saturn being 9.5, its annual parallax exceeds 6®, while 
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that of Nejptune, which is throe times as far, is about Z . 

It was very evident, without telescopic ohseivatioii, that 
the stars could not have a parallax of one half a dc^cc- 
They must therefore he at least twelve times as far us 
Saturn if the Oopornican system were true. 

When the telescope was applied to measurement, a con- 
tinually increasing accuracy began to be gained by the 
improvement of the instruments. Yet for several gencsrsi- 
tions the parallax of the fixed stars eluded measurement. 
Very often indeed did observers think they had detected 
a parallax in some of the brighter stars, but theii succes- 
sors, on repeating their measures with bettor instruments, 
and investigating their methods anew, found their conclu- 
sions erroneous. Early in the present century it became 
certain that even the brighter stars had not, in general, a 
parallax as great as and thus it became cortivin that they 
must lie at a greater distance than 200,000 times tlrat 
which separates the earth from the sun. 

Success in actually measuring the parallax of the stars 
was at length obtained almost simultaneously by two as- 
tronomers, Bessel of Konigsberg and Struve of Ilorpat. 
Bessel selected 61 Oygni for observation, in August, IHaY. 
The result of two or three years of observation was that 
this star had a parallax of O^.SS, or about one third of a 
second, Tliis would make its distance from the sun nearly 
600,000 astronomical units. The reality of this parallax 
has been well-established by subsequent investigators, only 
it has been shown to be a little larger, and therefore the 
star a little nearer than Bessel supposed. The most prob- 
able parallax is now found to be O'. 51, corresponding to a 
distance of 400,000 radii of the earth’s orbit. 

The distances of the stars are sometimes expressed by 



MOTIONS AND DISTANCES OF TEE 8TAD8. 317 


the time required for light to pass from them to our sys- 
tem. The velocity of light is, it will he remembered, about 
300,000 kilometres per second, or such as to pass from the 
sun to the earth in 8 minutes 18 seconds. 

The time required for light to reach the earth from some 
of the stars, of which the parallax has been measured, is as 
follows : 


STAIt. 

Years. 

Star. 

Years. 


3-5 

70 OpM'Uchi 

19.1 


6.7 

1 (frscB M(0O7i8 

34.3 


6.3 

Avct^iniH 

25 -4 


6.9 

y Draco nif! 

35.1 

/f Camopeim 

0*4 

1830 Groombridge. . 

35.9 

34 Groombrulge 

10.5 

Folam 

42.4 

0.1 o.Pift T.pijiTHn» .... 

11.9 

8077 Bradley 

46.1 

1^ .^1 -Pv 0/^1 

13.1 

16. 7 

85 Pegasi 

64.5 

Sirim 

a A u ngee 

70*1 

fY T/tivnk 

17.9 

<5 Dracoiiis 

139-1 






OnAPTEE VI. 


CONSTRUCTION OF TIIK lIIflAVKNS. 


The visible tiniversG, as revealed to us by tliotele8(!c»iK‘, is 
a collection of many millions of stars and of several thou- 
sand nebulae. It is sometimes called the stellar or Ki<]cr('al 
system, and sometimes, as already remarked, the stellar 
universe. The most far-rotveliing (iue.4tiou with wliioh 
astronomy has to deal is that of the form and magnitude 
of this system, and the arrangement of the stars wliit'h 
compose it. - 

It was once supposed that the stars wore arranged on t he 
same general plan as the bodies of the solar system, ladug 
divided up into great numbers of groups or clusters, while 
all the stars of each group revolved in regular orbits rouml 
the centre of the group. All the groups wore suppose*! t o 
revolve around some great common centre, which was 
therefore the centre of the visible universe. 

But there is no proof that this view is correct. Wo have 
already seen that a great many stars are collected into olus- 
ters, but there is no evidence that tho stars of those 
clusters revolve in regular orbits, or that the clusters thorn- 
selves have any regular motion around a common centre. 


■me first astronomer to make a careful study of tho anangomoal 
Heescheu's method of study was founded on a mode of obBorva- 
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tion which he called star-gauging. It consisted in pointing a power- 
ful telescope toward various parts of the heavens and ascertaining by 
actual count how thick the stars were in each region. His 20-foot 
reflector was provided witli such an eye-piece that, in looking into 
it, he would see a portion of the heavens about 15' in diameter. A 
circle of this size on the celestial sphere has about one quarter the 
apparent surface of the sun, or of the full moon. On pointing the 
telescope in any direction, a greater or less number of stars were 
nearly always visible. These were counted, and the direction in 
which the telescope pointed \vas noted. Gauges of this kind were 
made in all parts of the sky at which he could point his instrument, 
and the results were tabulated in the order of right ascension. 

The following is an extract from the gauges, and gives the average 
number of stars in each field at the points noted in right ascension 
and north-polar distance ; 


B. A. 

N. P. 1>. 

92* to O-t*. 
No. Of Stars. 

B. A. 

N. P. D. 

TS** to SO®. 

No, ot Stars, 

h. 

15 

m. 

10 

9.4 


X.] 

8.1 

15 

47 

10.6 

12 

44 

4.6 

16 

25 

13.6 

12 49 

8.9 

16 

87 

18.6 

14 

80 

3.6 


In this small table, it is plain that a different law of clustering or 
of distribution obtains in the two regions. 

The number of these stars in certain portions is very great. For 
example, in the Milky Way this number was as groat as 116,000 sttirs 
in a quarter of an hour in some cases. 

Hekschkl supposed at first that ho conapletely resolved the whole 
Milky Way into small stars. This conclusion he subsequently modi- 
fied. Ho says; 

It is very probable that the great stratum called the Milky Way is 
tliat in wliieh the sun is placed, though perhaps not in the very cen- 
tre of its thickness. 

We gather this from the appearance of the Galaxy, which seems 
to encompass the whole heavens, us it certainly must do if the sun is 
within it. For, suppose a number of stars arranged between two 
parallel planes, indefinitely extended every way, but at a given con- 
siderable distance from each otlior, and calling this a sidereal stratum, 
an eye placed somewhere within it will see all the stars in the Oiroc- 
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Uon of the planes of the stratum projected into a great circle, which 
111 appear lucid on account of the accumulation of the stars, while 



with constellatiops. more or legs crowded, according to the dis- 
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tance of the planes, or number of stars contained in the thickness or 
sides of the stmtiim.’’ 

Thus in Herschel’s figure an eye at 8 within the stratum rtd will 
see the stars in the direction of its length or heiglit c a, with all 
those in the intermediate situations, projected into the lucid circle 
A GBD, -while those in the sides ?n®, nw, will be seen scattered over 
the remaining part of the heavens MVM W, 

“ If the eye were placed somewhere without the stratum, at no 
very great distance, the appearance of the stars within it would 
assume the form of one of the smaller circles of the sphere, which 
would be more or less contracted according to the distance of the 
eye; and if this distance were exceedingly increased, the whole 
stratum might at hist be drawn together into a lucid spot of any 
shape, according to the length, breadth, ami height of the stratum. 

“ Suppose that a smaller stratum p q should branch out from the 
former in a certain clireotioii, and that it also is contained between 
two parallel planes, so that the eye is contained within the gi-eat 
stratum somewhere before the separation, and not far from the place 
where the strata are still united. Then this second stratum will not 
be projected into a bright circle like the former, but it will be seen 
as a lucid branch proceeding from the first, and returning into it 
again at a distance Icka than a semicircle. 

“Ill (he flgure tho sUirs in Uie srnall stratum p q will be proiected 
into abriglit arc PR HP, wliieli, after its separation fi'om tbe circle 
OS I), unites with it again at P. ' 

“If tho Iwimding surfaces arc not parallel planes, but irregularly 
curved aurface.s, analogous appearaiice.s must result.” 

Tho Milky Way, ns we see it with tlio naked eye, presents the 
aspect which Iiius Ijoea just accounted for, in its general iipponrance 
of a girdle around the heavens and in its bifurcation at a certain 
point, and HEiwcirKt’s explanation of Ibis appearance, as just given 
has uevor been seriously (juestioned. One doubtfui point remains’ 
are the stars in Pig. 93 scattoi-cd all througli the space S—alipdi 
or are they near its bounding planes, or clustered .in any way within 
this space so as to produce tho same result to the eye as if uniformlv 
distributed ? ^ 

IlBKHCHni, assurned that tliey were nearly equably arranged all 
through tho space in question, lie only examined one other arrange- 
ment— viz., that of a ring of stars surrounding tho sun— and ho pro- 
nounced agaiirst sueh an arrangement, for tho reason that there is 
ahsolutely nothing in the size or brilliancy of the sun to cause us to 
suppose it to be tho centre of such a gigantic .system. No reason ox- 
pept its importance to us personally can be alleged for such a sup- 
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position. By the assumptions of Fig. 93, each star will hav(^ it.s 
own appearance of a galaxy or milky way, which will vary acrtjrtl- 
ing to the situation of the star. 

Such an explanation will account for the general ai)pearanci‘s of 
the Milky Way and of the rest of the sky, supposing the stars ('(pially or 
nearly equally clistribiitecl in space. On this supiiosition, the system 
must be deeper where the stars appear more numerous. 



CHAPTER Vn. 


COSMOGONY. 

A THEORY of tlio operations by which the universe re- 
ceived its present form and arrangement is called Cosmog- 
ony. This subject does not treat of the origin of matter, 
but only of its transformations. 

Three systems of Cosmogony have prevailed among 
thinking men at different times: 

(1) That the universe had no origin, but existed from 
eternity in tbe form in which we now see it. This was the 
view of the ancient philosophers. 

(3) That it was created in its present shape in a mo- 
ment, out of nothing. This view is based on the literal 
sense of the woi'ds of the Old Testament. 

(3) That it came into its present form through an ar- 
rangement of materials which were before “ without form 
and void.” This may be called the evolution theory. It 
is to be noticed that no attempt is made to explain the 
origin of the primitive matter. 

The last is the idea which has prevailed, and it receives 
many strildng confirmations from the scientific discoveries 
of modem times. The latter seem to show beyond all rea- 
sonable doubt that the universe could not always have 
existed in its present form and under its present condi- 
tions ; that there was a time when the materials composing 
it were masses of glowing vapor, and that there will be a 
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time when the present state of things will cease. The ex- 
planation of the processes through which this occurs is 
sometimes called the nobvXar hypothesis. It was first pro- 
pounded by the philosophers Swedenbokg, Kakt, and 
La-PLAOE, andj although since greatly modified in detail, 
their Tiews have in the main been retained until the 
present time. 

We shall begin its consideration by a statement of the 
various facts which appear to show that the earth and 
planets, as well as the sun, were once a fiery mass. 

The first of these facts is the gradual but aniform in- 
crease of temperature as we descend into the interior of 
the earth. Whereyer mines have been dug or wells sunk 
to a great depth, the temperature increases as we go down- 
ward at the x'ate of about one degree centigrade to cveiy 30 
metres, or one degree Tahrenheit to every 50 feet. The 
rate differs in different places, but the general average is 
near this. The conclusion which we draw from this may 
not at first sight be obvious, because it may seem that the 
earth might always have shown this same increase of tem- 
perature. But there are several results which a little 
thought will make clear, although their complete establish- 
ment requires the use of the higher mathematics. 

The first result is that the increase of temperature can- 
not be merely superficial, but must extend to a great 
depth, probably even to the centre of the earth. If it did 
not so extend, the heat would have all been lost long ages 
ago by conduction to the interior and by radiation from 
the surface. It is certain that the earth has not I’ecGived 
any great supply of heat from outside since the earliest 
geological ages, because such an accession of heat at the 
earth’s surface would have destroyed all life, and even 



COSMOGONY. 


825 


melted all the rooks. Therefore, whatever heat there is 
in the interior of the eai'th must have been there from be- 
fore the commencement of life on the globe, and remained 
through all geological ages. 

The interior of the earth being hotter than its surface, 
and hotter tlnin the space around it, must bn losing heat. 
We know by the most familiar observation that if any ob- 
ject is hot inside, the heat will work its way through to the 
surface by the process of conduction. I'hnreforo, siiuiC the 
earth is a great deal hotter at the depth of 30 metres than 
it is at the surface, heat must bo continually coming to Ibo 
surface. On reaching the surface, it must be radiated off 
into space, else the surface would have long ago become 
as hot as the interior. Moreover, thi.s loss of bent must 
have been going on since the beginning, or at least since 
a time when the surface was as hot as the interior. Thus, if 
we reckon backward in time, wo find that there ninst have 
been more and more heat in the earth the furtlnu* back 
we go, so that we must finally roach back to a time when 
it was so hot as to be molten, and then again to a time 
when it was so hot as to bo a mass of fiery vapor. 

The second fact is that wo find the sun to be cooling off 
like the earth, only at an inhomitarably nmre rapid rate. 
The sun is constantly radiating heat into si)aco, and, so far 
as we can ascertain, receiving none back again. A small 
portion of this heat reaches the earth, and on this portion 
depends the existence of life and motion on the earth’s sixr- 
face. The quantity of heat which strikes the earth is only 
about TTnrTijSviroT of which the sun radiates. This 
fraction expresses the ratio of the apparent surface of the 
earth, as seen from the sun, to that of the whole celestial 
sphere. 
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Since the sun is losing heat at this rate^ it must have had 
more heat yesterday than it has to-day ; more two days ago 
than it had yesterday, and so on. Thus calculating back- 
ward, we find that the further we go back into time the 
hotter the sun must have been. Since we know that heat 
expands all bodies, it follows that the sun must have been 
larger in past ages than it is now, and we can trace back 
this increase in size without limit. Thus wo are led to the 
conclusion that there must have been a time when the sun 
filled up the space now occupied by the planets, and must 
have been a very rare mass of glowing vapor. The plan- 
ets could not then have existed separately, but must have 
formed a part of this mass of vapor. The latter w^as there- 
fore the material out of which the solar system was 
formed. 

The same process may be continued into the future. 
Since the sun by its radiation is constantly losing heat, it 
must grow cooler and cooler as ages advance, and must 
finally radiate so little heat that life and motion can no 
longer exist on our globe. 

The third fact is that the revolutions of all the planets 
around the sun take place in the same direction and in 
nearly the same plane. We have here a similarity amongst 
the different bodies of the solar system, which must have 
had an adequate cause, and the only cause which lias ever 
been assigned is found in the nebular hypothesis. This 
hypothesis supposes that the sun and planets were once 
a gr^t mass of vapor, as large as or larger than the present 
solar system, revolving on its axis in the same plane in 
which the planets now revolve. 

The fourth fact is seen in the existence of nebulss. The 
spectroscope shows these bodies to be masses of glowing 



OOSMOQONT. 


SaT 

Taper. We thus actually see matter in the celestial spaces 
under the very form in which the nebular hypothesis sup- 
poses the matter of our solar system to have once existed. 
Since those masses of vapor are so hot as to radiate light 
and heat thi’ough the immense distance which separates us 
from them, they must be gradually cooling off. This cool- 
ing must at length roach a point when they will cease to 
be vaporous and condense into objects like stars and 
planets. Wo know that every star in the heavens radiates 
heat as our sun does. In the case of the brighter stars the 
heat radiated has been made sensible in the foci of our 
telescopes by means of the thermo-multiplier. All the 
stars must, like the sun, be radiating heat into space. 

A fifth fact is afforded by the physical constitution of 
the planets Jupiter and Saturn. The telescopic examina- 
tion of these planets shows that changes on their surfaces 
are constantly going on with a rapidity and violence to 
which nothing on the surface of our earth can compare. 
Such operations can bo kept up only through the agency of 
heat or some equivalent form of energy. But at the dis- 
tance of Juinter and SaUirit the rays of the sun are entirely 
insufficient to produce changes so violent. We are there- 
fore led to infer that Jupiter and Saturn must be hot 
bodies, and must therefore bo cooling off like the sun, 
stars, and earth. 

We are thus led to the general conclusion that, so far 
as our knowledge extends, nearly all the bodies of the 
universe are hot, and are cooling off by radiating their 
heat into space. 

The idea that the heat radiated by the sirn and stars may 
in some way be collected and returned to them by the 
operation of known natural laws is equally untenable. It 
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is a fundamental principle of the laws of heat that the 
latter can never pass from a cooler to a warmer body/’ and 
that a body can never grow warm or acquire heat in a space 
that is cooler than the body is itself. All di^erences of 
temperature tend to equalize themselves, and the only 
state of things to which the universe can tend, under its 
present laws, is one in which all space and all the bodies con- 
tained in space are at a uniform temperature, and then all 
motion and change of temperature, and hence the condi- 
tions of vitality, must cease. And then all such life as ours 
must cease also unless sustained by entirely new methods. 

The general result drawn from all these laws and facts 
is, that there was once a time when all the bodies of the 
universe formed either a single mass or a number of masses 
of fiery vapor, having slight motions in various parts, and 
difierent degrees of density in different regions. A grad- 
ual condensation around the centres of greatest density then 
went on in consequence of the cooling and the mutual at- 
traction of the parts, and thus arose a great number of 
nebulous masses. One of these masses formed the ma- 
terial out of which the sun and planets are supposed to 
have been formed. It was probably at first nearly glob- 
ular, of nearly equal density throughout, and endowed 
with a very slow rotation in the direction in which the 
planets now move. As it cooled off, it grew smaller and 
smaller, and its velocity of rotation increased in rai^iclity. 

The rotating mass we have described must have had an axis 
around which it rotated, and therefore an equator defined 
as being everywhere 90° from this axis. In consequence 
of the increase in the velocity of rotation, the centiufugal 
force would also be iucreased as the mass grew smaller. 
This force varies as the radius of the circle described by 
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atiY particle multiplied by the square of its angular velocity. 
Hence u-hen the masses, being reduced to half the radius, 
rotated four times as fast, the centrifugal force at the equa- 
tor ^ould be increased iX4% or eight times. The gravi- 
tation of the mass at the surface, being inversely as the 
square of the distance from the centre, or of the radius, 
would be increased four times. Therefore as the masses 
continue to contract, the centrifugal force increases at a 
more rapid rate than the central attraction. A tinio won 
therefore come when they would balance each other at the 
equator of the mass. The mass would then cease to con- 
tract at the equator, but at the poles there would be no 
centrifugal force, and the gravitation of the mass would 
grower stronger and stronger. In consequence the mass 
Luld at length assume the form of a lens or disk very thm 
in proportion to its extent. The denser portions of this 
lens would gradually he drawn toward the centre, and theie 
more or less solidiUed liy the process of cooling. A point 
would at length be reached, when solid particles wouldbegm 
to be formed throughout the whole disk. These would grad- 
xnill Y condense around each other and form a single planet, or 
they might break up into small masses and form a group of 
planets. As the motion of rotation would not bo al cred 
by those processes of condensation, these planets would a 
be rotating around the ccnti-al part of the mass, which is 

supposed to have condensed into the sun. 

It is supposed that at first those planetary masses, being 
very hot, were composed of a central mass of those sub- 
stances which condensed at a very high temperature, sur- 
rounded by the vapors of those substances which were 
more volatile. We know, for instance, that it takes a much 
higher temperature to reduce lime and platinum to vapor 



330 


astbonomt. 


than it does to reduce iron, zinc, or magnesium. There- 
fore, in the original planets, the limes and earths would 
condense first, while many other metals would still be in 
a state of vapor. The planetary masses would each be 
affected by a rotation increasing in raj)idity as they gi'ew 
smaller, and would at length form masses of melted metals 
and vapors in the same way as the larger mass out of which 
the sun and planets were formed. These masses would 
then condense into a planet, with satellites revolving 

around it, just as the original mass condensed into sun and 
planets. 


At first the planets would be so hot as to be in a molten 
condition, each of them probably shining like the sun. 
They would, howevei’, slowly cool off by the radiation of 
heat fiom their surfaces. So long as they remained liquid, 
the surface, as fast as it grew cool, would sink into the in- 
terior on account of its greater specific gravity, and its 
place^ would be taken by hotter material rising from the 
interior to the surface, there to cool off in its turn. There 


would, in fact, be a motion something like that which 
^curs when a pot of cold water is set upon the fire to boil. 
Whenever a mass of water at the bottom of the pot is 
heated, it rises to the surface, and the cool water moves 
down to take its place. Thus, on the whole, so long as 
the planet remained liquid, it would cool off equally 
^oughout Its whole mass, owing to the constant motion 
from the centre to the circumference and back again. A 
tame would at length MTiTe when many of the earths and 

woS? I particles 

Z d ? T A time 

wo^d finally arriTe when they would become so large 
d numerous, and the liquid part of the general mass 
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become so yiscid, tl'xat the motion would be obstructed. 
The planet would then begin to solidity. Two views 
have been entertained respecting the process of solidifica- 
lion. 

According to one view, the whole surface of the planet 
would solidify into a continuous crust, as ice forms over a 
pond in cold weather, while the interior was still in a 
molten state. The interior liquid could then no longer 
come to the surface to cool off, and could lose no heat 
except what was conducted through this crust. Hence 
the subsequent cooling would be much slower, and the 
globe would long remain a mass of lava, covered over by 
a comparatively thin solid crust like that on which we 
live. 

The other view is that, when the cooling attained a cer- 
tain stage, the central portion of the globe would be 
solidified by the enormous pressure of the superincumbent 
portions, while the exterior was still fluid, and that thus 
the solidification would take place from the centre out- 
ward. 

It is still an unsettled question whether the earth is now 
solid to its centre, or whether it is a great globe of molten 
matter with a comparatively thin crust. Astronomers and 
physicists incline to the former view ; geologists to the lat- 
ter one. 'Whichever view may bo correct, it appears cer- 
tain that there are great lakes of lava in the interior from 
which volcanoes are fed. 

It must be understood that the nebular hypothesis, as we 
have explained it, is not a perfectly established scientific 
theory, but only a philosophical conclusion founded on the 
widest study of nature, and pointed to by many otherwise 
disconnected facts. The widest generalization associated 
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with it is that, so far as we can see, the universe is not self- 
sustaining, but is a kind of organism which, like all other 
organisms we know of, must come to an end in consequence 
of those very laws of action which keep it going. It must 
have had a beginning within a certain number of years 
which we cannot yet calculate with certainty, but which 
cannot much exceed 30,000,000, and it must end in a chaos 
of cold, dead globes at a calculable time in the future, 
when the sun and stars shall have radiated away all their 
heat, unless it is re-created by the action of forces of which 
we at present know nothing. 
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SPECTETJM ANALYSIS. 

Although tlie subjocfc of Spectrum Aualyeis belongs 
properly to physics, a brief account of its relations to astron- 
omv mOiy nsoful Iigvg. 

To understand the instruments and methods of Spectrum 
Analysis it will be necessary to recall the optical properties 
of a prism, wMch are demonstrated in all treatises on phy- 

The Pri8m.-men parallel rays of homogeneous light, 



Fio. 94. 

red for example, fall on a face of a prism they are bent out 
of their course, and when they emerge froiir Uie prism they 



334 


APPENDIX. 


are again bent, but they still remain parallel ; thus the rays 
r r, r”r% are bent into the final direction r'r'. This is true 
for parallel rays of every color. They remain parallel after 
deviation by the prism. This can be shown by experiment. 

If the incident rays r r, in Fig. 94, are red, they will come 
to the screen at rV'. If they are violet rays, they will 
come to v'v' on the screen, after having been bent more 
from their original course than the red rays. The violet 
rays, with the shortest wave-length, are the most refrangi- 
ble. The red, with the longest wave-length, are the least 
refrangible. 

The experiments of Sir Isaac Newton" (1704) proved 
that white light (as sunlight, moonlight, starlight) was 
not simple but compound. That is, white light is made up 
of light of different wave-lengths. Difference of wave-lengt*h 
shows itself to the eye as difference of color. Seven colors were 
distinguished by Newtont; viz., violet, indigo, line, green, 
yellow, orange, red. (Memorize these in order. It is the 
order of the colors in the rainbow.) If parallel rays of 
white light, as sunlight, r r, fall on a prism, the red rays of 
this beam will still fall at r'r', and the violet rays will fall 
at v^v\ Between v^ and r' the other rays will fall, in the 
order just given; that is, in the order of their refrangibility. 
The rainbow-colored streak on the screen is called the 
spectrum; it is a solar, a lunar, or a stellar spectrum ac- 
cording as the source of the rays is the sun, moon, or a star. 
The solar spectrum is very bright; the lunar spectrum is 
much fainter; and the spectrum of a star is far fainter than 
either. 

If we let parallel rays, rr, of red light come through a 
circular hole at Q, they will form a circular image of the 
hole at rV. If the hole is sq^uare or triangular, a square or 
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a triangular image will be formed. If it is a nariow slit, 
narrow streak of red light will be projected at rv. 

Wben white light is passed through a circular hole at 
circular images of the hole are formed all along the lino 
r'r' to v'v'-. the red images at r'r', the orange, yellow, 
green, blue images in succession, and the violet image a 
If the hole is of any size these images will overlap, 
sc that the colors are not pure. If white light falls througdi 
a narrow slit at Q, placed parallel to the edge ^ of t 
prism, the purest spectrum is obtained, ihe dilloio 

spectra do not overlap. . j 

Fraunhofer tried this experiment in 1804, and ho 
found that the spectrum of the sun was interrupted by wi-tain 
dark lines, fixed in relative position. These are the Fraun- 
hofer lines, so called. He made a map of the solar spec- 
trum, and on the map he placed the various lines in their 
proper places. These lines appear m the same relative 
position no matter whether a slit or a very small circular 
hole is used, and they belong to the incident light and are 
not produced by the apparatus. This simply renders them 
visible They are not seen when the light comes through 
vride apertures, on account of the overlapping of the van- 


ous images. 

The Spectroscope.— A spectroscope consists essentially of 
one or more prisms (or any other device, as a diffraction 
grating) by means of which a spectrum is produced; of 
a moans to make the spectrum pure (a slit and collimator), 
and of a means to see it well (a small telescope). 

Fig. 95 shows the arrangement of a one-prism spectro- 
scope. The light enters the slit 8, which is 
the focus of the objective A of the collimator. Iho rays 
therefore emerge from A in parallel lines. They arc de- 
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viated by the prism and enter the objectiye P, forming 
an ituage of the spectrum at 0, which is viewed by the eye 
at E. 
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The Solar Spectrum, — Part of this image (of the solar 
spectrum) is shown in Pig, 96^ except as to color. The 



Pig. 96. 


various colors extend in succession from end to end of the 
spectrum. In each color are certain dark lines which have 
a definite position. The most conspicuous of these linos 
are caJM the Praunhofer lines, and are lettered A, B, O', 
A F, a, s. A ifi below the easily visible red, B is at 
its lower edge, 0 is near the middle of the red, 2) is a double 
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inlho omg*. ^ iB m the green, J’ie in ® 

• ;.• ^TintheTiolet. There are at least 500 lines 

SEtnr:::?;=*SS 

“ tlit ot the ,Me enn. If ,e wieh te tU 

,I»ctrnm of af«rf of the enn, - » "'t, ” "adiw 

ninsl atlnoh the whole mstrnmoiit (Fig. ■ • ) ^ _ 

so fhet S i. in «» “™ „„ „i|i then he 

Srh,K;.pti::L ..n the sm pime .,- 

the light from any p- of t|,r,t '^^““rl.e 

;lt to w. employ a tele»pe in th,. * » “ ^ 
Objective may collect more light and present it at the sht 

“^SpIcSatrSoMs and Gases.-A solid body. 
intensely as to give ofl light, has a spootiiim. 

iLt is^here are no Eraunhofer lines in it, but prismatic 
So s only A gaseous body, heated so uitonsely as to give 
o?i ght, LJsoontinuous spectrum.* That is, the color 
fd tfviolet are no longer seen, hut on a dark background 
the spectrum shows one or more bright linos. 

tL line. h»™ a dehnito rcMm ^ " 

chamolerietio of tho partionlar pm. The Yaymr of »dmm 
for example, gives two bright lines, whose relative position 
is fixed These facts can be shown by laboratory oxperi- 
Itt Another experiment must he cited. If the source 
S iSht is a solid body, intensely heated, the BPec^oscope 
will show a continuous spectrum without Imes^^ha^ 

of our sun, and of stars of slUiUar oonsttWtton. 
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said. H between the solid body and the slit of the spec- 
troscope we place a glass yessel containing the vapor of 
sodium, the spectrum will no longer be without lines. Two 
dark lines will appear in the orange. If we remoye the 
yapor of sodium, the lines will go also. They are produced 
by the absorptive action of this vapor on the incident light. 

If we register exactly the spot in the field of view of the 
spectroscope where each of these dark lines appears, and if 
we then remove the sodium vapor and replace the solid 
body (the source of light) by intensely heated sodium 
yapor, we shall find the new spectrum to be comi)osed of 
two bright lines, as has been said; but these two bright 
lines will occupy exactly the same places in the field of view 
that the two dark lines formerly occupied. 

The two dark lines are a sign of the kind of light that is 
alm'led by sodium vapor; the two bright lines are a sign 
of the kind of light that is emiUed\)j sodium vapor. These 
two kinds ai'e the same. What is true of sodium vapor is 
true of every gas. It absorbs light of the same kind (wave- 
length) as that which it emits. 

If a spectroscopist had to determine what kind of gas 
was in a certain jar, he might do it in two ways. He might 
heat it intensel}', and measure the positions of the IrU/Jit 
lines of its spectrum; or he might place the gas between the 
slit of his spectroscope and a highly heated solid body, and 
again measure the positions of the dark lines of its 
absorption-spectrum. The measures and thus the positions 
of the lines will be the same in both cases. By compai’ing 
the measures with previous measures for known gases, the 
name of the particular gas in question would become known 
to him. Ifew chemical elements have been discovered in 
this way. 
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Comparison of the Spectra of Incandescent Gases with 
the Solar Spectrum. — Laboratory experiments show the posi- 
tions of the spectral lines characteristic of each gas or vapor. 
The positions of the dark lines in the solar spectrum are 
also known with accuracy. It is found that nearly every 
one of the thousands of dark lines of the solar spectrum , 
has a position corresponding exactly to that of some one 
of the lines of some gas or of the vapor of some metal. For 
example, the vapor of iron has over 400 lines, whose posi- 
tions are accurately known. In the solar spectrum there 
are 400 lines whose positions precisely correspond to the 
lines of iron vapor. The same is true of many other 
substances, hydrogen, sodium, potassium, magnesium, 
nickel, copper, etc; etc. 

From this it is inferred that the sun’s atmosphere con- 
tains the metal iron in an incandescent state, as well as the 
vapors of the other substances named. 

Let us see the process of reasoning which led Kiechhofp 
and Bunsek (1859) to this interpretation of the observation. 

We have seen (Part II., Ohap. II.) that the sun is com- 
posed of a luminous surface, the jphotospherey surrounded 
by a gaseous envelope. The photosphere alone would give a 
continuous spectrum (with no dark lines). The gaseous 
envelope will absorb the kind of light that it would itself 
emit. The absorption is only selective, and it is character- 
istic. If a solid incandescent body were placed in a labo- 
ratory and surrounded by the vapors of iron, hydrogen, 
sodium, etc., we should see the same spectrum that we 
do see when we examine the sun. 

The kind of evidence is easily understood from the fore- 
going. Only the spectroscopist can fully appreciate the 
amount of it. The resulting inference that the sun’s 
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atmosphere contains the vapors of the metals named is 
certain. These vapors exist uncomMn$d in the sun’s at- 
mosphere. The temperature is too high to allow their 
cliemical combination. 

Eestjlts of Specteoscopic OBSEBVATION’S. 

The Sun.— The rays which come from the edges of the 
sun give lines more marked and definite than those' from 
the centre. 


This shows that rays from the Umb traverse a greater 
thickness of the absorbing layer. In Fig. 36, suppose SE 
to be the sun’s radius, and SMtoU the radius of his at- 
mosphere. A person stationed at E' and looking at the 
sun along the lines E' 8 and E'E would see the centre of 
the sun’s disk by means of a ray which had ti-aversed the 
^stance 8M- 8E only; while the ray from the edge 
would have traversed a greater distance and would have 
suffered a greater absorption. The sun’s absorbing atmos- 
phere (“reversing layei-”) is very thin, about 2000 kilometres 
omy. This layer is seen for an instant only, at the begin- 
ning and end of a solar eclipse. The spectroscopic ex- 
amiMtion of sun-spots confirms what has already been said 
of them. (Part II., Chapter II.) 

The solar jprotuherances are now daily studied by the 
spectroscope at various observatories. An explanation of 

ThTstLi^ on pp. 215, 216. 

star \ 1 , ®P®°‘^osoopio examination of stars (and 

to tie bodies of the same 
Lv! f PP’ 310)- tSTot only 

determined^ t>een 

motion of spectroscope, but the velocity of the 

(See pp. 310, Sll.l''”^* ” 
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Comets and Ifebulse. — The spectra of comets and nebulae 
are also studied, and the principal results of observation 
are given on pp. 376, 377, and 309. 

The Planets.— The physical constitution of the planets as 
revealed by the spectroscope is treated in Part 11., Chapter 
XL, pp. 361 to 364. 

The Moon. The spectrum of the moon is simply an en- 
feebled solar spectrum without any lines of selective ab- 
sorption, which is one proof that the moon has no atmos- 
phere. 

Meteors.— The gases shut up in the cavities of meteoric 
stones have been spectroscopically examined, and they show 
the characteristic comet spectrum. This gives a new proof 
of the connection between comets and meteors. 



DESOEIPTION ATH) MAPS OF THE CONSTELLA- 
TIONS. 


Every intelligent person desires to possess some know- 
ledge of the names and forms of the principal constella- 
tions. We therefore present a brief description of the 
more striking ones, illustrated by figures, so that the 
reader may be able to recognize them when he sees them. 

We begin with the constellations near the pole, because 
they can be seen on any clear night, while the southern 
ones can, for the most part, only be seen during certain 
seasons, or at certain hours of the night. Figure 97 shows 
all the stars within 60® of the pole down to the fourth 
magnitude inclusive. The Eoman numerals around the 
margin show the meridians of right ascension, one for 
every hour. In order to* have the map represent the 
northern constellations exactly as they are, it must he 
held so that the hour of sidereal time at which the observer 
is looking at the heavens shall be at the top of the map. 
Supposing the observer to look at nine o^clock (mean solar 
time) in the evening, the months around the margin of 
the map show the regions near the zenith. He has there- 
fafie only to hold the map with the month npward and face 
when he will have the northern heavens as they 
^ that the stars near the bottom of the map 
w® offi by the horizon. 

\ to be looked for is Ursa Major^ 
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the Great Bear, familiarly known as Dipper/^ The 
two extreme stars in this constellation point towai*d tlio 
pole-star, as already explained in the opening chapter. 

Ursa Minor, sometimes called the Liittle Dipper/^ is 
the constellation to' which the pole-star belongs. About 
15® from the pole, in right ascension XV hours, is a star 
of the second magnitude, ^ Ursm MinoriS:, about as bright 
as the pole-star. A curved row of three small stars lies 
between these two bright ones, and forms the handle of 
the supposed dipper. 

Gassiojpeiay-^ov ^Hhe Lady in the Chair,” is near hour I 
of right ascension, on the opposite side of the polc-stfa- 
from Ursa Major, and at nearly the sanxe distance. The 
six brighter stars are supposed to bear a rude resemblance 
to a chair. 

In hour III of right ascension is situated the constella- 
tion Perseus, about 10° further from the pole than Cas-- 
siopeia. The Milky Way passes through, these two con- 
^ stellations. 


Draco, the Dragon, is formed principally of a long row 
of stars lying between Ursa Major and Ursa Minor. The 
hejid of tbe monster is formed of the noi’thernmost three 
of four bright stars arranged at the corners of a lozenge 
between XVII and XVIII hours of right ascension. 

Oephms is -on the opposite side of Cassiopeia from Per^ 
in tlw. Milky Way, about XXII hours of riglit 
Meemwm. It is not a brilliant constellation. , 

oonstelktions near the pole are Camelopardalis, 

**4 haeer^ (the Lizard), but they contain only 
iBBallBtea. 

stars situated between 30® 
The forms of the con- 


Kgnre 98dibTrithe«titotorial 
north and 30“ seftlh ded^aatton. 
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Btellations are indicated by dotted lines. The figures of 
men and animals with which the ancients covered the sky 
are omitted. The Latin name within each boundary is the 
name of the constellation. The Greek letters serve to 
name the brightest stars (p. 293). The parallels of decli- 
nation (for every 15°) and the hour-circles (every hour) are 
laid down. 

The magnitudes of the stars are indicated by the sizes 
of the dots. To use these maps it must be remembered 
that as you face the south greater right ascensions are on 
your left hand, less on your right. The right ascensions 
of the stars immediately to the south between 6 and 7 p.m. 
are : 


Por January 1, 1 hour; 
“ February 1, 3 “ 

“ March 1, 5 “ 

“ April 1, 7 » 

“ May 1, 9 “ 

“ June 1,11 “ 


For July 1, 13 hours 
** August 1, 15 “ 

“ September 1, 17 " 

“ October 1, 19 “ 

“ November 1, 21 “ 

“ December 1, 23 “ 


By remembering these precepts, and by tracing the 
alignments of the brighter stars, the map can be used to 
identify every constellation marked on it. 




INDEX, 


ly This index is intended to point out the subjects treated in the 
■work, and farlher, to give references to the pages where technical 
terms are defined or explained. 


Aberration-constant, value of, 
178. 

Aberration of light, 174 

Achromatic telescope described, 

68 . 

Adahs’s vrork on perturbations 
of Uranus, 266. 

Aiby’s determination of the den- 
sity of the earth, 148. 

Algol (variable star), 296. 

Altitude of a star defined, 18. 

Angles, 8. 

Annular eclipses of the sun, 186. 

Apparent place of a star, 16, 

Apparent time, 45. 

Aeistabohtjs determines the so- 
lar parallax, 165. 

Asteroids defined, 191. 

Asteroids, number of, 295 in 
1882, 238. 

Astronomical instruments (in 
general), 60. 

Astronomy (defined), 1. 

Atmosphere of the moon, 281. 

Atmospheres of the planets. See 
Mercury, Venus, etc. 

Axis of the earth defined, 21. 

Azimuth defined, 19. 


Bessel’s parallax of 61 Oygni 
(1837), 816. 

Binary stars, 802. 

Bole’s law stated, 198. 

Bond’s discovery of the dusky 
ring of Saturn, 1850, 250. 

Bouvabd on Uranus, 256. 

BiiADiiEY discovers aberration in 
1729, 176. 

Bunsen, 839. 

Calendars, how formed, 182. 

Cassini discovers four satellites 
of Saturn (1684-1671), 262. 

Catalogues of stars, general ac- 
count, 79. 

Celestial sphere, 14. 

Centre of gravity of the solar 
system, 194. 

Chronology, 180. 

Chronometers, 68. 

Clarke’s elements of the earth, 
152. 

Clocks, 68. 

Clusters of stars, 808. 

Comets, general account, 274 

Comets' orbits, 277. 

Comets' tails, repulsive force, 
277. 
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Comets, their physical constitu- 
tion, 276. 

Comets, their spectra, 277. 
Conjunction (of a planet with 
the sun) defined, 97. 
Constellations, 288, 342. 
Construction of the heavens, 317. 
Co-ordinates of a star, 19, 37. 
Copernicus, 103. 

Correction of a clock defined, 69. 
Cosmogony, 322. 

Corona, its spectrum, 216. 

Day, how subdivided into hours, 
etc., 187. 

Days, mean solar and solar, 46. 
Declination of a star defined, 41. 
Distance of the fixed stars, 314. 
Distribution of the stars, 318. 
Diurnal motion, 21, 22. 
Dominical letter, 186. 

Donati’s comet (1868), 281. 
Double (and multiple) stars, 801. 
Earth, general account of, 142. 
Earth’s density, 142. 

Earth’s dimensions, 161. 

Earth’s mass, 142. 

Eclipses of the moon, 131. 
Eclipses of sun and moon, 129. 
Eclipses of the sun, explanation, 
132. 

Eclipses of the sun, physical 
phenomena, 212. 

Eclipses, their recurrence, 136. 
Ecliptic defined, 84. 

Elements of the orbits of the ma- 
jor planets. 198. 

Elongation (of a planet) defined. 
97. 

Bnckb’s comet, 288, 

Bncke’s value of the solar paral- 
lax, 8*. 678, 166. 


Epicycles, their theory, 102. 

Equation of time, 188. 

Equator (celestial) defined, 21. 

Equatorial . stars, 344. 

Equatorial telescope, 74. 

Equinoxes, 87. 

Eye-pieces of Udescopos, 62. 

Fabritius observes solar spots 
(1611), 207. 

Figure of the earth, 148. 

Frauen iiofeb’s Exi)erimeuts 
with the Prism, 336; Lines, 
336, 837. 

Future of the solar system, 

Galaxy, or milky way, 319. 

GAXiiLEO observes solar spots 
(1611), 207. 

Galileo’s discovery of satellites 
of Jupiter (1610), 240. 

Galle observes Neptune (1840), 
259. 

Gases, spectra of inctuKiest:<int, 
838; in meteoric stones, 341. 

Geodetic surveys, 150. 

Golden number, 184. 

Gravitation extends to stars, 303. 

Gravitation resides in each par- 
ticle of matter, 119. 

Gravitation, terrestrial, 146. 

Greek alphabet, 11. 

Gregorian calendar, 185. 

Hallet predicts the return of a 
comet (1682), 279. 

Hall’s discovery of satellites of 
Mars, 285. 

Hansbn^s value of the solar par- 
allax, 8". 92, 166, 

BEbrsohbl CW.) discovers two 
satellites of Saturn (1789), 252. 

Hbrsphel (W.) discovers two 

^ satelUtesofUranus (1787), 254. 
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Hbeschbl(W.) discovers Uranus 
(1781), 263. 

Hbrschbl’s catalogues of nebu- 
lae, 306, 

Hbesoheli’s star-gauges, 318. 

HBRSOirEL (W.) states that the 
solar system is in motion (1783), 
313. 

Hbrschel’s (W.) views on the 
nature of nebulse, 305. 

HiPPARcnus discovers preces- 
sion, 158. 

Hooke’s drawings of Mars 
(1666), 234 

Horizon (celestial— sensible) of 
an observer defined, 17, 20. 

Hour-angle of a star defined, 39. 

Htjgguns’ determination of mo- 
tion of stars in line of sight, 
310. 

HxiaaiNS first observes the spec- 
tra of nebulai (1864), 309, 

Huyoubns discovers a satellite 
of Saturn (1666), 362. 

HiryGHBNS discovers laws of 
central forces, 116. 

Huyghens’ explanation of the 
appearances of Saturn’s rings 
(1656), 348. 

Inferior planets defined, 99. 

Intramercurial planets, 326. 

Janssen first observes solar pro- 
minences in daylight, 318. 

Julian year, 184. 

Jupiter, general account, 240; ro- 
tation-time, 243; satellites, 248. 

Kant’s nebular hypothesis, 333. 

Kepler’s laws enunciated, 109. 

KmcHHOEP, 889, 

Laplace’s nebular hypothesis, 
333. 


Laplace’s investigation of the 
constitution of Saturn’s rings, 
362. 

Laplace’s relations between the 
mean motions of Jupiter’s satel- 
lites, 243. 

Lassell discovers Neptune’s sat- 
ellite (1847), 260. 

Lassell disc(wers two satellites 
of Uranus (1847), 254. 

Latitude (geocentric — geogra- 
phic) of a place on the earth de- 
fined, 8, 31, 41, 152. 

Latitude of a point on the earth 
is measured by the elevation of 
the pole, 31. 

Latitudes and longitudes (celes- 
tial) defined, 95. 

Latitudes (terrestrial), how deter- 
mined, 63. 

Le Veriuer computes the orbit 
of metoric shower, 271. 

Lb Verrter’s researches on the 
theory of Mercury, 326. 

Le Verbtor’s work on perturba- 
tions of Umuns, 267. 

Light-gathering power of an ob- 
ject-glass, 63. 

Light-ratio (of stars) is about 3.6, 
396. 

Line of collimation of a telescope, 
71, 

Local time, 47. 

Lockyer’s discovery of a spec- 
troscopic method, 316. 

Longitude of a place, 9, 10. 

Longitude of a place on the 
earth (how determined), 60,53. 

Longitudes (celestial) defined, 

I 96 

Lucivl stars defined, 369. 
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Lunar phases, nodes, etc. See 
Moon’s phases, nodes, etc. 
Magnifying power of an eye- 
piece, 66. 

Major planets defined, 191. 

Mars, physical description, 238. 
Mars, rotation, 234. 

Mars’s satellites discovered by 
Hall (1877), 236. 

Maskblynb determines the den- 
sity of the earth, 146. 

Mass of the sun in relation to 
masses of planets, 167. 

Mean solar time defined, 46. 
Mercury’s atmosphere, 244. 
Mercury, its apparent motions, 
221 . 

Meridian (celestial) defined, 27. 
Meridian circle, 72. 

Meridians (terrestrial) defined, 27, 
Metonic cycle, 188. 

Meteoric showers, 269. 

Meteoric stones, gases in, 841. 
Meteors and comets, their re- 
lation, 271. 

Meteors, their cause, 265. 

Milky Way, 289. 

Milky Way, its general shape ac- 
cording to Hbkschel, 319. 
Minor planets defined, 191. 

Minor planets, general account, 
237. 

MiraCJeti (variable star), 296. 
Months, different kinds, 182. 
Moon, general account, 228. 
Moon’s light of suns. 282. 
Moon’a phases, 128. 

Moores paraQax, 161. 

Moon, q)ectnim of the, 841. 
Moon’s smface, does it cdiange? 
232. 

7 '!^" 


Motion of stars in the line ot 
sight, 810. 

Nadir of an observer defined, 18. 

Nautical almanac described, 79. 

Nebulm and clusters in general, 
304. 

Nebulae, their spectra, 809. 

Nebular hypothesis stated, 322. 

Neptune, discovery of, by Le 
Vbkbibb and Adams (1846), 
266. 

Neptune, general account, 266. 

Neptune’s satellite, 260. 

New stars, 298. 

Newtoi?’ (I.) Laws of Force, 115; 
calculates orbit of comet of 
1680, 280; Spectrum Analysis 
experiments, 884. 

Objectives, or object-ghxsses, 60, 

Obliquity of the ecliptic, 91. 

Occultations of stars by the moon 
(or planets), 140. 

Olbbrs’s hypothesis of the ori- 
gin of asteroids, 289. 

Olbers predicts the return of a 
meteoric shower, 269. 

Old style (in dates), 185. 

Opposition (of a planet to the 
sun) defined, 85. 

Parallax (annual) defined, 68. 

Parallax (horizontal) deflned, 56. 

Parallax (in general) defined, 60. 

Parallax of the sun, 161. 

Parallax of the stars, general ac- 
count, 814. 

Parallel sphere defined, 28. 

Penumbira of the earth’s or moon’s 
shadow, 181. 

Photosphere of the sun, 201. 

PiAzzr discovers the first asteroid 
(1861), 287. 
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planets, their relative size exhib- 
ited, 191. 

Planetary' nebulse defined, 806. 
Planets; seven bodies so called 
by the ancients, 81. 

Planets, their apparent and real 
motions, 96. 

Planets, their physical constitu- 
tion, 961. 

Poles of the celestial sphere de- 
fined, 21. 

PomLLET's measures of solar ra- 
diation, 205. 

Practical astronomy (defined), 78. 
Precession of the equinoxes, 168. 
Prime vertical of an observer de- 
fined, 19. 

Prism, The, 888. I 

Problem of three bodies, 119. 
Proper motions of stars, 312. 
Proper motion of the sun, 812. 
Ptolbsmt determines the solar 
parallax, 166. 

Padiant point of meteors, 270. 
Radius vector, 107. 

Reflecting telescopes, 66. 
Refracting telescopes, 60. 
Refraction of light in the atmos- 
phere, 169. 

Resisting medium in space, 381. 
Reticle of a transit instrument, 
71. 

Retrogradations of the planets 
explained, 100. 

Right ascension of a star defined, 
40. 

Right ascensions of stars, how 
determined by observation, 72. 
Bight sphere defined, 29. 
Bobubb discovers that light 
moves progressively, 175. 


Rossb’b measure of the moon’s 
heat, 233. 

Saros (the), 140. 

Saturn, general account, 246. 
Saturn’s rings, 248. 

Saturn’s satellites, 262. 

Seasons (the), 92. 

Secchi, on solar temperature, 

206. 

Semidiameters (apparent) of ce- 
lestial objects, 59. 

Sextant, 76. 

Sidereal time explained, 43. 
Sidereal year, 168. 

Signs of the Zodiac, 90. 

Solar corona, etc. ^ Sun, 

Solar corona, extent of, 218. 

Solar cycle, 185. 

Solar heat, its amount, 204 
Solar motion in space, 812. 

Solar parallax, history of attempts 
to determine it, 166. 

Solar parallax probably about 
8" -81, 168. 

Solar prominences gaseous, 218. 
Solar system, description, 190. 
Solar system, its future, 220. 

Solar temperature. 206. 

Solstices, 94. 

Spectroscope, The, 886. 
Spectroscopic observations, 340. 
Spectrum Analysis, 838. 
Spectrum of Solar prominences, 
214; Solar corona, 216; Lunar, 
841 ; Kercury and Venus, 362; 
Nebulee and Clusters, 809; 
fixed Stars, 809; as indicating 
motions of stars, 810; Solids 
andGhbses, 886; ^lar, 83^^ 
Star-dusters, 808. 
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Star-gauges of Herschkl, 318. 

Stars — bad special names 3000 
B.C., 291 ; magnitudes, 290, 345; 
various magnitudes, bow dis- 
tributed, 294; parallax and dis- 
tance, 814; about 2000 seen by 
tbe naked eye, 291; proper 
motions, 812; spectra, 310, 
340; map of the northern, 343; 
map of tbe equatorial, 344. 

Struve’s (W.) parallax of alxtlui 
Lyrm (1888), 315. 

Summer solstice, 88. 

Sun’s apparent path, 86, 

Sun’s Atmosphere, 339, 340, 

Sun’s constitutiou. 217. 

Sun’s (the) existence cannot be 
indefinitely long, 220, 325. 

Sun’s mass over 700 times that 
of tbe planets, 194. 

Sun, physical description, 200. 

Sun’s proper motion, 812. 

Sun’s rotation-time about 25 
days, 200. 

Sun, Spectroscopic observations 
of tbe, 340. 

Sun-spots and faculse, 200, 206. 

Sun-spots are confined to certain 
parts of tbe disk, 208. 

Sun-spots, their nature, 209, 840. 

Sun-spots, their periodicity, 211, 

Superior planets (defined), 99. 

Swedenborg’s nebular hypothe- 
sis, 323. 

Swift’s supposed discovery of 
Vulcan, 226. 

Symbols used in astronomy, 11. 

Telescopes, 66, 337. 

Telescopes (reflecting), 66. 


Telescopes (refracting), 60, 

Tempel’s comet, its relation to 
November meteors, 272. 

Temporary stars, 298. 

Tides, 126. 

Total solar eclipses, description 
of, 212. 

Transit instrument, 70. 

Transits of Mercury and Venus, 
225. 

Transits of Venus, 168. 

Triangulation, 150. 

Tropical year, 154. 

•Twilight, 172. 

Tycho Brahe observes new star 
of 1672, 299. 

UrmefBal gravitation discovered 
by Newton, 121. 

Universal gravitation treated, 
118. 

Uranus, general account, 268. 

Variable and temporaiy stars, 
general account, 296. 

Variable stars, theories of, 299. 

Velocity of light, 179. 

Venus’s atmosphere, 224. 

Venus, its apparent motions, 221. 

Verual equinox, 87. 

Vulcan, 226. 

Watson’s supposed discovery of 
Vulcan, 226, 

Weight of a body defined, 148. 

Wilson’s theory of sun-spots, 

210 . 

Winter solstice, 89. 

Years, different kinds, 188. 

Zenith defined, 17. 

Zodiac, 90. 

Zodiacal light, 272. 



